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 1   Introduction 
Nuclear Magnetic Resonance (NMR) is a well-established analytical method widely used 
in many different research areas and its use is still expanding. NMR is the most 
imformation-rich analytical tool for structural and conformational analysis of molecules in 
chemistry, biology, medicine, and material science. On the basis of the techniques 
involved in the material characterization such as spectroscopy, relaxometry and diffusion, 
NMR parameters like chemical shift, nuclear spin relaxation times, dipolar couplings, and 
self-diffusion coefficients can be measured to reveal the fundamental properties of the 
analytes. NMR has a great advantage over other analytical methods in producing images 
contrasted by different NMR parameters. The NMR images are usually contrasted by 
material density. Diffusive and coherent molecular motions can be displayed in a non-
invasive fashion. Variations in molecular order and orientation can be converted to image 
contrast too.  Chemical composition can be imaged by analysing signal intensities at 
different chemical shifts of the object.  
 Low-field NMR is a technique which receives increasing attention in research and 
technology. Low-field NMR uses inexpensive permanent magnets and can be made 
mobile. With the development of a novel shim strategy based on the use of movable 
permanent magnet blocks, high-resolution spectroscopy and imaging are possible by 
portable NMR. The use of low-field NMR promises new applications in well-logging, in 
the chemical and material sciences, for analysis of objects of heritage culture, and for food 
quality control which are prohibited by or difficult to perform with high-field machines1.  
  Para-hydrogen induced polarization (PHIP) combined with NMR spectroscopy has 
developed into a powerful tool to provide profound insight into the reaction mechanisms 
of the catalytic hydrogenation2-19. PHIP produces a dramatic NMR signal enhancement 
and thus enable the detection of reaction intermediates and products even if they are 
present at low concentrations. As prerequisites for the PHIP effect to occur, the two 
hydrogen atoms in a para-hydrogen molecule must be transferred as a pair to non-
equivalent positions upon their addition to a substrate, and the spin-lattice relaxation times 
of these atoms must be longer than the duration of the catalytic cycle4,10,19. Two 
experimental PHIP procedures are described in the literature: PASADENA (para-
hydrogen and synthesis allow dramatically enhanced nuclear alignment) and ALTADENA 
(adiabatic longitudinal transport after dissociation engenders nuclear alignment).4-6,8,10,19 
PASADENA experiments are conducted at high field inside the NMR magnet where the 
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two polarized protons give rise to anti-phase multiplets in the NMR spectra of reaction 
products. In the ALTADENA experiments, the para-hydrogenation reaction is performed 
at low field outside the NMR magnet followed by an adiabatic transfer of the 
hydrogenated product to the high magnetic field. The ALTADENA spectrum is generally 
distinguished by characteristic emission and absorption patterns. It is important to note 
that the ALTADENA method not only produces strong non-thermal polarization, but also 
leads to the formation of long-lived coherent spin states at low field, in which singlet-state 
character still exists and the hyperpolarization is stored for much longer time than the 
longitudinal relaxation time.  
  Recently, an alternative approach to generate PHIP sensitized materials based on 
reversible interactions with para-hydrogen which is known as NH-PHIP has been 
developed15,16,20. This method involves a temporary association of a substrate and a para-
hydrogen molecule via a suitable transition metal based host, the spontaneous polarization 
transfer from parahydrogen derived hydride ligands to the bound substrate via scalar 
coupling at low magnetic field, and the fast dissociation of the magnetically labelled 
substrate. This process results in the production of non-hydrogenative parahydrogen 
induced polarization and is achieved without any chemical modification of the substrate.  
  This work focuses on providing reliable information details for the optimization of 
chemical processes with the use of different aspects of NMR. Due to the non-invasive 
nature of the NMR technique, in situ NMR investigations of the chemical processes are 
performed.  
  Biphasic systems consisting of room temperature ionic liquid (IL) and CO2 provide 
the opportunity to develop environmentally benign green chemical processes. A variety of 
attempts using IL/CO2 systems for extraction and chemical reactions have been reported. 
Besides potentially interesting applications of the biphasic IL/CO2 systems, fundamental 
knowledge of the physicochemical properties of these systems is needed prior to their 
applications. The physical properties of an ionic liquid depend strongly on the choice of 
the cation and anion. A subtle change in the structure of the cation or anion can lead to a 
significant variation of the IL physical properties including melting points, density, 
viscosity, ionic conductivity and diffusivity. Moreover, CO2 is very soluble in ionic 
liquids and will also significantly affect the physical properties of ionic liquids. When the 
biphasic IL/CO2 system is applied in a hydrogenation or a hydroformylation reaction, 
there will be interactions between the reactant gases and the biphasic IL/CO2 system. 
Chapter 2 is devoted to study the mass transport properties of ionic liquids in the presence 
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 of CO2 or CO2+H2 by NMR. Measurements of self-diffusion coefficients and spin-lattice 
relaxation times are conducted to obtain fundamental knowledge of the IL phase in the 
biphasic systems. H2 is taken as an example of the reactant gases and its properties in the 
IL phase of the IL/CO2 system such as gas solubility and self-diffusion coefficients are 
investigated.  
  Supported ionic-liquid phase (SILP) catalysts are a novel variety of immobilized 
catalysts by dissolving homogeneous catalysts in a thin film of ionic liquid which is 
highly dispersed on a porous solid21-29. SILP catalysts have been applied in continuous 
hydrogenation, carbonylation, hydroformylation, hydroamination, and water-gas-shift 
reactions. There is no detailed information about the evolution of a SILP catalyst during a 
chemical reaction due to the lack of accessible techniques. In Chapter 3 PHIP NMR 
spectroscopy and imaging are used to monitor a continuous gas phase hydrogenation 
reaction in situ with SILP catalysts to offer good insight of the reaction. The propene 
conversion in the reaction is evaluated in real-time from the gas phase NMR spectrum. 
The influence of the flow rate on the propene conversion and the PHIP signal intensity is 
studied. Furthermore, the impact of the supported IL layer in the SILP catalysts on the 
catalyst stability and catalyst activity is investigated by following the evolution of the 
propene hydrogenation reaction. The dependence of the metal-complex structure for the 
catalyst activity and the PHIP activity is studied. The influence of catalyst packing on the 
propene conversion is investigated by PHIP NMR imaging.  
  On the basis of the well-established PHIP technique used in high-field NMR, 
feasible applications of the PHIP technique in low-field NMR are explored in Chapter 4. 
Low-field NMR has inherently low sensitivity due to the small differences in the 
thermodynamic equilibrium populations of the spin states. The spectral resolution of low-
field NMR is relatively low due to the field inhomogeneities and the small frequency 
dispersion of NMR spectrum which is proportional to the magnetic field strength. The 
Low sensitivity and the low spectral resolution are two persistent barriers for the wider 
use of low-field NMR devices. Different polarization techniques have been developed to 
overcome the sensitivity problem at low field, including thermal prepolarization, spin 
exchange optical pumping30,31, dynamic nuclear polarization (DNP)32-34, and spin 
polarization-induced nuclear Overhauser effect (SPINOE). In Chapter 4 the PHIP 
technique is used to improve the sensitivity of low-field NMR. The standard PHIP method 
via the para-hydrogenation was studied at different fields in the mT regime. The B0 field 
limitation for the direct application of the PHIP technique is explored. Besides the 
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standard PHIP method, the novel NH-PHIP method is also successfully applied to 
improve the signal intensity at low fields in the mT regime. Three different polarization 
methods including thermal prepolarization, Rb-Xe SPINOE and NH-PHIP are compared. 
  The miniaturization of chemical and biotechnological processes offers great 
opportunities for handling hazardous reactions as well as precious samples on a small 
scale. Current applications of microfluidic devices are already diverse, ranging from 
chemical proceses like crystallization, extraction, polymerization and organic synthesis, 
biological studies such as drug discovery, DNA sequencing, identification of biochemical 
products and manipulation of samples consisting of a single cell, to clinical applications 
including diagnosis and investigation of disease symptoms. Micromixing is a crucial step 
to initiate and optimise fast reactions in microfluidic systems. NMR as a non-invasive and 
tracerless monitoring method is used to follow microfluidic flow phenomena. In Chapter 5 
the performance of an interdigital micromixer made of stainless steel is characterized by 
portable NMR. Due to the intrinsically low sensitivity from the mass-limited samples in 
the micromixer, the diameter of the RF coil for the direct NMR detection is reduced to fit 
well to the capillary diameter to have the largest filling factor. The mixing processes using 
miscible and immiscible systems in the micromixer are investigated. In the water/acetone 
mixing process the limit of quantification (LOQ) and the limit of detection (LOD) by low-
field NMR are explored. The plug flow at the output of the micromixer is monitored by 
spin-echo imaging and the plug size is determined from the 1D NMR images to 
characterize the mixing performance under different mixing conditions.   
 
 2   Biphasic ionic liquid/CO2 systems studied by NMR  
2.1 Introduction 
Room temperature ionic liquids have been termed novel “green” reaction media for a wide 
range of chemical processes. Ionic liquids (ILs) are organic salts being in liquid state over 
a wide range of temperatures near and at room temperature. IL consists of an organic 
cation and either an organic or an inorganic anion. The syntheses of ILs are highly 
flexible and can be made task-specific for a certain application. The size, shape, and 
functionality of the component cation and anion in IL can be easily tailored to fulfil 
specific requirements. These numerous combinations offer a wide range of opportunities 
for adjusting the physicochemical properties of ILs. ILs have negligible vapour pressure. 
As a result, ILs can be widely applied in separation processes based on the fact that there 
is no solvent cross-contamination when the product is separated into the vapour phase. 
Moreover, ILs are non-flammable, and most exhibit high thermal stability, allowing the 
application of ILs in multiple-step processes which require manipulations over a wide 
temperature range. More significantly, ILs have very good solvation power for both 
organic and inorganic materials. Therefore, there has been considerable interest in using 
ILs as safe and environmentally benign solvents for chemical reactions and separations in 
place of volatile organic solvents.  
  Besides the advantages of ILs, there are still a number of challenges for their use in 
catalysis and extraction. First, the gas solubility for reaction gases like H2 and CO is often 
lower in the IL phase than in organic solvents35,36 which might hinder a high reaction 
throughput. Moreover, most ILs are more viscous than organic solvents, which could lead 
to lower diffusivity and lower mass transfer in the IL phase. These difficulties of the 
molecular movements in the IL phase could result in lower reaction rates and less 
extraction efficiency. Finally, separating the reaction products from ILs could also be 
difficult because common separation and fractionation techniques such as distillation and 
evaporation are not applicable any more to the non-volatile IL solvent.   
  CO2 is a safe and inexpensive medium. Its physical properties could be easily and 
continuously adjusted from gas like to liquid like or supercritical-fluid like by changing 
the temperature and pressure. Supercritical CO2 (scCO2, Tc = 31.1 °C and Pc = 73.9 bar) 
has been intensively investigated as an alternative solvent to the organic solvents37. Due to 
its low viscosity, mass transport in scCO2 is greatly enhanced comparing to that in organic 
solvents. Furthermore, scCO2 promises a facile solvent removal method solely by 
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depressurization.  
  Combining ILs with CO2 can draw on the advantages of respective technologies38. It 
has been demonstrated that several ILs can uptake a big amount of CO2 (mole fraction up 
to 0.8 at 25 °C)39-46. In contrast, the solubility of IL is immeasurably low in the pure CO2 
phase. Moreover, IL together with CO2 do not become miscible even at hyperbaric 
pressures. This is unlike CO2 in most organic solvents which could become one phase at 
moderate pressures (100-200 bar). On the basis of this unique property, the separation of 
ILs from organics or water could be favoured under high CO2 pressures. Furthermore, the 
compressed CO2 greatly decreases the viscosity of the ionic solution thus facilitating the 
mass transfer of compounds in the IL phase during catalytic reactions47,48. The presence of 
CO2 could even increase the solubility of reaction gases (H2 and O2) into the IL phase45,49. 
  As interesting as the potential applications of the biphasic IL/CO2 systems, 
fundamental investigations of these biphasic systems like the underlying interactions and 
the solution structure at a microscopic level have also gained some research interest. 
However, a complete understanding of these systems at the molecular level is still far 
from being reached. Properties such as viscosity (η), ionic conductivity (Λ), and 
diffusivity (D) are all interlinked. Therefore, each of these properties needs to be 
individually measured to gain an understanding of the implications of a change in the 
IL/CO2 system. The measurements of these physical properties have systematically begun 
only in recent years. In particular the diffusion measurements of the ionic liquid materials 
in the presence of CO2 are still barely reported due to the fact that effective experimental 
techniques are not readily accessible.  
  NMR as a robust and non-destructive method can be applied to study the biphasic 
IL/CO2 systems. It is sensitive to microscopic and macroscopic motions. A wide range of 
temperature and frequency could be covered by NMR. Direct measurements of the self-
diffusion coefficients D of the biphasic IL/CO2 systems can be easily realized with the 
pulsed gradient spin-echo (PGSE) and the pulsed gradient stimulated-echo (PGSTE) 
methods. The self-diffusion coefficients mainly reveal information about translational 
motions in the system. In addition to self-diffusion coefficients, the spin-lattice relaxation 
time T1 can be measured to provide information about local motions like reorientation, 
diffusion and jumps.   
  In this chapter three biphasic IL/CO2 systems were investigated by the high-pressure 
NMR technique. Self-diffusion coefficient D and spin-lattice relaxation time T1 were 
determined to quantify the effects of CO2 on ILs. The influence of the reaction gas H2 on 
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 these physical properties in the biphasic systems was also studied.  
2.2 Experimental 
2.2.1 Sample preparation 
1-Ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4]), 1-ethyl-3-
methylimidazolium bis(trifluoromentylsulfonyl)imide ([EMIM][Tf2N]), and N-butyl-4-
methyl-pyridinium bis(trifluoromentylsulfonyl)imide ([BMPy][Tf2N]) were purchased 
from Ionic liquids Technologies (Heilbronn, Germany). Their molecular structures are 
shown in Fig. 2.1. All these ILs were dried under vacuum at 65 °C overnight, and stored 
under argon in Schlenk tubes. A 5 mm high-pressure NMR tube (Fig. 2.2) was used for 
the NMR measurements which can hold pressures up to 150 bar without any problem. 
This NMR tube consists of a 5 mm sapphire tube and a titanium cap which connects to a 
pressure sensor. For NMR measurements of the biphasic IL/CO2 systems, 0.4 mL IL 
sample was dispensed into this 5 mm high-pressure NMR tube under argon, followed by 
pressurizing CO2 into the NMR tube to the desired pressure and shaking it to reach 
equilibrium. The NMR sample was placed at room temperature for 1 h before the NMR 
measurements to ensure the system to reach the equilibrium. In the NMR measurements 
with H2 gas in the IL/CO2 systems, H2 gas with fixed 30 bar pressure was first pressurized 
into the NMR tube and then CO2 gas at different desired pressures was added into the 
system. 
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Fig. 2.1 Molecular structures of [EMIM][Tf2N], [EMIM][BF4], and [BMPy][ Tf2N]. 
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Fig. 2.2 The 5 mm high-pressure NMR tube. 
2.2.2 High-pressure NMR measurements  
All NMR experiments were operated on a 600 MHz Bruker Avance NMR spectrometer 
using a 5 mm probe with Z-gradient strength of 0.535 T/m. The 1H NMR spectra of 
[EMIM][Tf2N] and [BMPy][Tf2N] and their corresponding signal assignment are shown 
in Fig. 2.3. All high-pressure NMR measurements were performed in the IL phase of the 
biphasic IL/CO2 system at room temperature without sample spinning to prevent 
disturbance from sample movement. High-pressure NMR samples were placed in the 
spectrometer for about 30 min prior to the diffusion measurements to allow for 
temperature equilibration.  
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Fig. 2.3 1H NMR spectra of (a) [EMIM][Tf2N] and (b) [BMPy][Tf2N]. 
 
  A PGSTE pulse sequence was used to determine the self-diffusion coefficients in the 
biphasic IL/CO2 system. Based on the signal integrals in the echo attenuation data, the 
self-diffusion coefficients (D) were determined according to the Stejskal-Tanner equation 
2 2 2
0
I δln = - γ δ g  (Δ - )
I 3
D                                               (eq. 2.1) 
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 where 
0
I
I
 is the normalized signal integral, γ is the gyromagnetic ratio, δ is the gradient 
pulse duration, g is the gradient strength, and ∆ is the interval between the midpoints of 
the gradient pulses. The measurements were performed by having δ as 4.4 ms and ∆ in the 
range of 60-160 ms. The gradient strength g was varied in 15 steps and linearly increased 
from 2 to 98% of the maximum gradient strength. For all studied ILs the observed echo 
attenuation data were well fitted in terms of eq. 2.1 by a single exponential decay and the 
uncertainty in determining D is about 5%. 
  The spin-lattice relaxation time (T1) was determined by sampling the signal integrals 
using the inversion-recovery pulse sequence π – τ1 – π/2 for 12 values of τ1. The 
uncertainty in the determination of T1 is about 3%. 
2.3 Results and discussion 
2.3.1 CO2 impacts on ILs  
The biphasic IL/CO2 systems were investigated to understand the changes of the IL 
properties in the presence of CO2. The solubility of CO2 in ILs was first determined from 
their 13C spectra by comparing the signal integrals of CO2 and ILs measured at room 
temperature. The CO2 solubility data in [EMIM][Tf2N], [EMIM][BF4], and [BMPy][Tf2N] 
are shown in Fig. 2.4. CO2 is very soluble in the ionic liquid and its solubility increases 
with increasing CO2 pressure. When the CO2 pressure is beyond 60 bar, there is only a 
marginal increase in the CO2 solubility which is similar to the observations reported in the 
literatures39,40,42,46. This observation could be induced by the change of CO2 phase from 
gas like to liquid like after ~ 60 bar at room temperature. It has also been demonstrated in 
the literature that the CO2 solubility depends primarily on the structure of anion in the IL 
and it is higher in [Tf2N] than [BF4].39-41,43,46 This is further confirmed by our 
experimental data in Fig. 2.4 between [EMIM][Tf2N] and [EMIM][BF4]. In addition to the 
effect of the anion structure on the CO2 solubility in ILs, the cation alkyl chain length can 
also affect the solubility of CO2. In general, the solubility of CO2 increases with 
increasing the alkyl chain length. This is in good agreement with the CO2 solubility data 
in Fig. 2.4 between [EMIM][Tf2N] and [BMPy][Tf2N] where [BMPy] has longer alkyl 
chain than [EMIM] and thus higher CO2 solubility in [BMPy][Tf2N].  
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Fig. 2.4 Effect of pressure on the solubility of CO2 in (■) [EMIM][Tf2N], (▲) 
[BMPy][Tf2N], and (♦) [EMIM][BF4] at room temperature.  
 
  In subsequent experiments the mass transport properties in the IL phase of the 
biphasic IL/CO2 systems were investigated. The IL viscosity in the presence of CO2 was 
measured at 25 °C with a high-pressure viscometer. The viscosity results of 
[EMIM][Tf2N]/CO2, [EMIM][BF4]/CO2, and [BMPy][Tf2N]/CO2 systems are shown in 
Fig. 2.5. It could be observed that the IL viscosity decreases significantly with increasing 
CO2 pressure. More precisely, the viscosity decreases as the mole fraction of CO2 
dissolved in the IL phase increases. The [EMIM][Tf2N]/CO2 system shows lowest 
viscosities at all investigated pressures and the [EMIM][BF4]/CO2 system presents highest 
viscosities. Moreover, the viscosity of [BMPy][Tf2N]/CO2 system is more strongly 
influenced by the presence of CO2. When there is no or little CO2 dissolved in the ILs, the 
[BMPy][Tf2N]/CO2 system has a viscosity similar to that of the [EMIM][BF4]/CO2 
system. When the CO2 pressure increases, the viscosity of the [BMPy][Tf2N]/CO2 system 
decreases to values close to those of the [EMIM][Tf2N]/CO2 system.  
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Fig. 2.5 Effect of CO2 pressure on the viscosities of (■) [EMIM][Tf2N], (▲) 
[BMPy][Tf2N], and (♦) [EMIM][BF4] at 25 °C. 
 
  Dissolved CO2 reduces the viscosity of ILs and thus can increase the diffusivity in 
the IL phase of the biphasic IL/CO2 systems. The self-diffusion coefficients of ILs in the 
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 IL/CO2 systems at different pressures were measured using the PGSTE pulse sequence 
where the diffusivities of the cation and the anion could be followed independently. Given 
the high degree of ion association expected in ILs, the measured D values represent an 
average of the self-diffusivities of all single and associated species. These were found to 
be very similar for each proton in the cation. Therefore, the D values discussed here were 
obtained from the proton signal attenuation of the terminal methyl group in [EMIM] and 
[BMPy]. 
  The dependence of the self-diffusivity of [EMIM] in [EMIM][Tf2N] on the CO2 
pressure is plotted in Fig. 2.6. The self-diffusion coefficients of cation in [EMIM][Tf2N] 
increases with increasing CO2 pressure, and the increase becomes smaller when the CO2 
pressure is beyond 60 bar. This corresponds to the CO2 solubility behaviour where the 
increment of CO2 solubility with the increase of CO2 pressure after 60 bar becomes 
smaller. Moreover, it could also be observed that [EMIM][Tf2N] has self-diffusion 
coefficients one order of magnitude smaller than those of normal organic solvents. 
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Fig. 2.6 Self-diffusion coefficients of [EMIM] in the [EMIM][Tf2N]/CO2 system as a 
function of CO2 pressure at room temperature.  
 
  As in the [EMIM][Tf2N]/CO2 system, the self-diffusion coefficients of the cation 
and the anion in [EMIM][BF4] (Fig. 2.7) both increase with increasing CO2 pressure, and 
the increase becomes smaller after 60 bar. Furthermore, it could be observed that the 
cation diffuses slightly faster than the anion which is consistent with observations 
reported in the literature, stating that the diffusion of the cation is faster than that of the 
anion50-55. This was mainly attributed to the relatively smaller hydrodynamic radii of the 
[EMIM] and [BMPy] cations compared to those of the [Tf2N] and [BF4] anions.  
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Fig. 2.7 Self-diffusion coefficients of (■) [EMIM] and (▲) [BF4] in the 
[EMIM][BF4]/CO2 system as a function of CO2 pressure at room temperature. 
 
  The self-diffusion coefficients of [BMPy] in the [BMPy][Tf2N]/CO2 system at 
different pressures were also measured (Fig. 2.8). Similar to the [EMIM][Tf2N]/CO2 and 
[EMIM][BF4]/CO2 systems, the Dcation increases significantly in the [BMPy][Tf2N]/CO2 
sytem with increasing CO2 pressure before 60 bar, and the increase becomes smaller after 
60 bar. Comparing at 68 bar to at 27 bar, 
the diffusivity of the IL at higher CO2 pressure is much faster than that at lower pressure, 
indicating the effectiveness of adding CO2 in improving the mass transport properties of 
ILs.   
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Fig. 2.8 Self-diffusion coefficients of [BMPy] in the [BMPy][Tf2N]/CO2 system as a 
function of CO2 pressure at room temperature. 
 
  The cation self-diffusivities in the [EMIM][Tf2N]/CO2, [EMIM][BF4]/CO2, and 
[BMPy][Tf2N]/CO2 systems are compared in Fig. 2.9. The cation self-diffusion is fastest 
in the [EMIM][Tf2N]/CO2 system, and slowest in the [EMIM][BF4]/CO2 system. This 
higher cation diffusivity in the [EMIM][Tf2N]/CO2 system could be rationalized on the 
basis of the viscosity where the [EMIM][Tf2N]/CO2 system is less viscous than the 
[EMIM][BF4]/CO2 system. Besides the influence of the viscosity on the diffusivity of ILs, 
the hydrodynamic radius has also an impact on the self-diffusion coefficients. It has been 
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 demonstrated in the literature that the hydrodynamic radius of [BMPy] is larger than that 
of [EMIM] which could lead to the self-diffusion coefficients of [BMPy] smaller than 
those of [EMIM].50,51,53 This is further confirmed by our diffusion results in Fig. 2.9. The 
self-diffusion coefficients of [BMPy] in the [BMPy][Tf2N]/CO2 system are smaller than 
those of [EMIM] in the [EMIM][Tf2N]/CO2 system at high CO2 pressures where the 
viscosities of [EMIM][Tf2N]/CO2 and [BMPy][Tf2N]/CO2 systems are in the same range.  
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Fig. 2.9 Self-diffusion coefficients of cations in (■) [EMIM][Tf2N]/CO2, (▲) 
[BMPy][Tf2N]/CO2, and (♦)[EMIM][BF4]/CO2 systems as a function of CO2 pressure at 
room temperature. 
 
  The decrement of the IL viscosity will not only improve the diffusivity in the IL 
phase (translational motion), but also promote the IL local motions which are 
characterized by T1 relaxation times. In the following experiments the 1H T1 values of the 
biphasic systems were measured. Unlike the diffusion measurements which provide an 
average diffusivity of all cation species, the 1H T1 values mainly reveal the individual fast 
rotational motions of each proton in the cation. Therefore, different 1H T1 values could be 
observed in one cation structure. Larger T1 values in the biphasic IL/CO2 systems 
represent more local motions and more flexible structures. The 1H T1 values of the 
[EMIM][Tf2N]/CO2 system were measured (Fig. 2.10). As the CO2 pressure increases, the 
T1 values increase. Similar to the diffusion behaviour in the IL/CO2 system, the increase 
of T1 values becomes marginal after 60 bar. Furthermore, it could be observed that the 
ring protons have longer T1 than that the alkyl chain protons, indicating the presence of 
more local motions of the ring protons owing to the conjugate ring structure.  
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Fig. 2.10 1H T1 of [EMIM] in the [EMIM][Tf2N]/CO2 system as a function of CO2 
pressure at room temperature.  
 
  The 1H NMR relaxation measurements were also performed with the 
[EMIM][BF4]/CO2 system, and the results are presented in Fig. 2.11. Similar to the 
[EMIM][Tf2N]/CO2 system, the 1H T1 values increase with increasing CO2 pressure, and 
the increase becomes marginal after 60 bar. Furthermore, the determined 1H T1 values in 
the [EMIM][BF4]/CO2 system are much smaller than those in the [EMIM][Tf2N]/CO2 
system, especially for the ring protons. This is mainly due to the higher viscosity of the 
[EMIM][BF4]/CO2 system which reduces molecular motions. Interestingly, the H2 ring 
proton in the [EMIM][BF4]/CO2 system presents T1 values similar to those of the H7 
proton in the terminal methyl group, while in the [EMIM][Tf2N]/CO2 system the T1 values 
of the H2 proton are similar to those of the H4 and H5 ring protons and much larger than 
those of the H7 proton in the terminal methyl group. This indicates the H2 proton in 
[EMIM][BF4] less flexible than that in the [EMIM][Tf2N]/CO2 system. It has already been 
reported that this H2 proton interacts with the [BF4] anion via a hydrogen bond54,56. 
Hence, a less flexible H2 proton in the [EMIM] ring structure could be observed in the 
presence of [BF4] anion.  
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Fig. 2.11 1H T1 of [EMIM] in the [EMIM][BF4]/CO2 system as a function of CO2 pressure 
at room temperature. 
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   The 1H T1 of [BMPy] in the [BMPy][Tf2N]/CO2 system was also measured (Fig. 
2.12). Given the CO2 solubility in the IL, the detected 1H T1 values increase with 
increasing CO2 pressure, and the increment becomes marginal after 60 bar. Like those in 
the [EMIM][Tf2N]/CO2 and [EMIM][BF4]/CO2 systems, the T1 values of the ring protons 
in the [BMPy][Tf2N]/CO2 system are larger than those of alkyl chain protons due to the 
conjugate ring structure. The relatively high viscosity limits the local motions in the IL 
and thus reduces the measured T1 values.   
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Fig. 2.12 1H T1 of [BMPy] in the [BMPy][BF4]/CO2 system as a function of CO2 pressure 
at RT.  
 
  The NMR measurements of the self-diffusion coefficients and the spin-lattice 
relaxation times in the IL phase of the biphasic IL/CO2 systems indicate that the mass 
transport in the IL phase in the presence of CO2 is substantially improved. This mass 
transport improvement could accelerate a chemical reaction or increase the extraction 
efficiency in the IL/CO2 system. These fundamental investigations enable one to set up 
appropriate CO2 pressure in the IL/CO2 system for specific applications. 
2.3.2 H2 impacts on the biphasic IL/CO2 systems  
The biphasic IL/CO2 system has been used in catalytic hydrogenation, hydroformylation 
and oxidation reactions45,57,58. In these reactions gases like H2, CO or O2 are required. 
Therefore, the solubility and diffusivity of the reaction gas in the IL phase will also 
influence the reaction rates. It has been demonstrated in the literature that the presence of 
CO2 may enhance the solubility of permanent gases like H2 and CO in ionic liquids over 
pure gases at similar pressures45,49. On the other hand, investigations should also be 
addressed to understand whether the reaction gases will affect the physical properties of 
the biphasic IL/CO2 systems. In the subsequent NMR experiments the biphasic IL/CO2 
systems in the presence of 30 bar H2 gas were investigated.  
  The solubility of CO2 in ILs in the presence of 30 bar H2 gas was measured by 13C 
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NMR spectroscopy. A comparison of the CO2 solubility in the [EMIM][Tf2N] with 30 bar 
H2 gas and without H2 gas is shown in Fig. 2.13. There is no considerable change or only 
a slight decrease of the CO2 solubility at 30 bar H2 gas in the IL/CO2 system, indicating 
the little influence of H2 gas on the CO2 solubility in the [EMIM][Tf2N]. Similar 
observations could also be found in the [EMIM][BF4]/CO2+H2 and 
[BMPy][Tf2N]/CO2+H2 systems.  
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Fig. 2.13 Effect of pressure on the solubility of CO2 in [EMIM][Tf2N] (■) without H2 gas, 
and (▲) with 30 bar of H2 gas at room temperature. 
 
  The H2 solubility in ILs in the biphasic IL/CO2 systems could also be determined 
from their 1H NMR spectra where the signals between H2 gas and ILs are resolved (Fig. 
2.14). The influence of CO2 pressure on the H2 solubility in the [EMIM][Tf2N]/CO2, 
[EMIM][BF4]/CO2, and [BMPy][Tf2N]/CO2 systems in the presence of 30 bar H2 gas is 
shown in Fig. 2.15. As the CO2 pressure increases, the H2 solubility in ILs at 30 bar H2 
gas also increases, indicating that the compressed CO2 increases the H2 gas solubility in 
the IL phase in IL/CO2 system. Unlike the CO2 solubility behaviour where the increase of 
CO2 concentration becomes marginal after 60 bar, the H2 concentration increases more 
significantly with increasing of CO2 pressure after 60 bar. There is similar H2 solubility in 
[EMIM][Tf2N]/CO2 and [BMPy][Tf2N]/CO2 systems which is much higher than that in 
the [EMIM][BF4]/CO2 system. This could be caused by the viscosity of the 
[EMIM][BF4]/CO2 system higher than those of the [EMIM][Tf2N]/CO2 and 
[BMPy][Tf2N]/CO2 systems. Understanding the CO2 impact on the H2 solubility in ILs 
enables one to choose proper reaction media to control the chemical reactions.  
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Fig. 2.14 1H NMR spectra of (a) [EMIM][Tf2N] and (b) [BMPy][Tf2N] in the presence of 
CO2 and 30 bar H2. 
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Fig. 2.15 Effect of CO2 pressure on the solubility of H2 gas in (■) [EMIM][Tf2N], (▲) 
[BMPy][Tf2N], and (♦) [EMIM][BF4] in the presence of 30 bar H2 gas at room 
temperature. 
 
  The influence of H2 gas on the mass transport properties of the IL/CO2 systems was 
also investigated. The self-diffusion coefficients in the IL phase of the IL/CO2 system in 
the presence of 30 bar H2 gas were determined. A comparison of the detected D values in 
the [EMIM][Tf2N]/CO2 system with and without H2 gas is shown in Fig. 2.16. Similar to 
the system without H2 gas, the self-diffusivity of IL in IL/CO2 system at 30 bar H2 
increases with increasing CO2 pressure, and the increase become smaller after 60 bar. 
Moreover, when there is 30 bar H2 gas in the [EMIM][Tf2N]/CO2 system, the self-
diffusion coefficients of [EMIM] become slightly smaller, indicating that H2 gas will 
slightly reduce the IL diffusivity in the [EMIM][Tf2N]/CO2 system.  
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Fig. 2.16 Self-diffusion coefficients of [EMIM] in the [EMIM][Tf2N]/CO2 system (■) 
without H2 gas, and (▲) with 30 bar of H2 gas as a function of CO2 pressure at room 
temperature. 
 
  In addition to the self-diffusivity of [EMIM] in the [EMIM][Tf2N]/CO2 system, the 
H2 diffusivity in the IL phase was also determined (Fig. 2.17). Like the diffusion 
behaviour of ILs, the self-diffusion coefficients of dissolved H2 gas increase substantially 
with increasing CO2 pressure, and the increase turns marginal after 60 bar. This could be 
rationalized on the basis of the IL viscosity behaviour because the H2 diffusivity in the IL 
phase is limited by the surrounding IL/CO2 environment. Any improvement in the IL 
viscosity will ultimately improve the diffusivity of the reactant in the IL phase.  
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Fig. 2.17 Self-diffusion coefficients of H2 gas dissolved in the [EMIM][Tf2N] in the 
presence of 30 bar H2 gas as a function of CO2 pressure at room temperature. 
 
  The self-diffusion coefficients of the cation and the anion in the [EMIM][BF4]/CO2 
system in the presence of 30 bar H2 gas were also investigated. Similar to the IL diffusion 
behaviour in the [EMIM][BF4]/CO2 system without H2 gas, the self-diffusivities of both 
cation and anion in the presence of H2 gas increase strongly with increasing CO2 pressure, 
and the increase becomes smaller after 60 bar (Fig. 2.18). Moreover, it could be observed 
that there is no difference in the IL self-diffusivities before 60 bar which could be due to 
the really low H2 solubility in the IL at CO2 pressures lower than 60 bar. When the CO2 
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 pressure is beyond 60 bar, the H2 solubility increases dramatically, resulting in reduced 
self-diffusion coefficients of ILs. Like in the [EMIM][Tf2N]/CO2+H2 system, H2 gas 
slightly limits the IL diffusivities in the [EMIM][BF4]/CO2 system. 
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Fig. 2.18 Self-diffusion coefficients of (a) [EMIM] and (b) [BF4] in the 
[EMIM][BF4]/CO2 system (■) without H2 gas, and (▲) with 30 bar of H2 gas as a function 
of CO2 pressure at room temperature. 
 
  The diffusivity in the [BMPy][Tf2N]/CO2 system in the presence of 30 bar H2 gas 
was also investigated, and the determined self-diffusion coefficients are shown in Fig. 
2.19. A similar CO2 dependence of the IL self-diffusivity could be observed for the 
[BMPy][Tf2N]/CO2 system with H2 gas after comparing it to that without H2 gas. The 
determined D values increase with increasing CO2 pressure and the increase becomes 
smaller after 60 bar. Although the H2 solubility in the IL phase of the [BMPy][Tf2N]/CO2 
system is relatively high, there is no considerable change in the self-diffusion coefficients 
of the cation when there is H2 gas present in the [BMPy][Tf2N]/CO2 system.  
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Fig. 2.19 Self-diffusion coefficients of [BMPy] in the [BMPy][Tf2N]/CO2 system (■) 
without H2 gas, and (▲) with 30 bar of H2 gas as a function of CO2 pressure at room 
temperature. 
 
  Besides the characterization of the self-diffusivities of IL/CO2 systems in the 
presence of H2 gas, the spin-lattice relaxation times were measured. The 1H T1 values of 
the [EMIM][Tf2N]/CO2 system at 30 bar H2 are shown in Fig. 2.20. Similar to those in the 
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[EMIM][Tf2N]/CO2 system without H2 gas, the T1 values of the system with H2 gas 
increase significantly with increasing CO2 pressure, and the increase becomes marginal 
after 60 bar. The ring protons in [EMIM] have larger T1 values than those of the alkyl 
chain protons. A comparison of the detected T1 values in the [EMIM][Tf2N]/CO2 system 
under conditions with and without 30 bar H2 gas is shown in Fig. 2.21. It could be 
observed that the 1H T1 values of the methylene group are not considerably influenced by 
the presence of H2 gas in the [EMIM][Tf2N]/CO2 system, while the 1H T1 values of the H4 
ring proton in the IL/CO2 system at 30 bar H2 are higher than those in the system without 
H2 gas. This observation suggests that the presence of H2 gas in the biphasic 
[EMIM][Tf2N]/CO2 system will mainly influence the properties of the imidazolium ring. 
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Fig. 2.20 1H T1 of [EMIM] in the [EMIM][Tf2N]/CO2 system in the presence of 30 bar H2 
gas as a function of CO2 pressure at room temperature. 
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Fig. 2.21 Comparison of the 1H T1 values of the H6 and H4 protons in [EMIM] in the 
[EMIM][Tf2N]/CO2 system with and without H2 gas as a function of CO2 pressure at room 
temperature. 
 
  The 1H NMR relaxation measurements were also performed in the 
[EMIM][BF4]/CO2 system at 30 bar H2. The 1H T1 results are presented in Fig. 2.22. 
Similar CO2 effects on the T1 values in the [EMIM][BF4]/CO2 system with H2 gas could 
be observed after comparing them to those in the system without H2 gas. The 1H T1 values 
increase with increasing CO2 pressure, and the increase becomes smaller after 60 bar. It 
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 has been demonstrated in the [EMIM][BF4]/CO2 system without H2 gas that there is 
probably a hydrogen-bond interaction between the H2 proton in the imidazolium ring and 
the [BF4] anion. The existence of this hydrogen-bond interaction could still be assumed in 
the system with H2 gas because the T1 values of the H2 ring proton are still much lower 
than that of H4 and H5 ring protons and close to the T1 values from the terminal methyl 
group in the [EMIM] cation, indicating that H2 gas has no considerable impact on the 
hydrogen-bond interaction between the H2 ring proton and the [BF4] anion.  
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Fig. 2.22 1H T1 of [EMIM] in [EMIM][BF4]/CO2 system in the presence of 30 bar H2 gas 
as a function of CO2 pressure at room temperature. 
 
  Comparing the 1H T1 values from the [EMIM][BF4]/CO2 system with 30 bar H2 gas 
to those without H2 gas, we could again observe that the 1H T1 values from the alkyl chain 
protons are not considerably affected by the presence of H2 gas in the IL/CO2 system. In 
contrast to this, the ring protons show larger T1 values when H2 gas is present in the 
biphasic IL/CO2 system. This is in good agreement with the observation in the 
[EMIM][Tf2N]/CO2 system where H2 gas has some impact on the imidazolium ring. 
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Fig. 2.23 Comparison of 1H T1 values of H6 and H4 protons in [EMIM] in the 
[EMIM][BF4]/CO2 system with and without H2 gas as a function of CO2 pressure at room 
temperature. 
 
  The H2 impact on the IL local motions in the [BMPy][Tf2N]/CO2 system in the 
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presence of 30 bar H2 gas was also investigated (Fig. 2.24). The 1H T1 values increase 
with increasing CO2 pressure, and the increment becomes smaller after 60 bar. After 
comparing the 1H T1 values from the system in the presence of 30 bar H2 gas to that 
without H2 gas (Fig. 2.25), it could be observed that there is no considerable change 
present in the system when there is 30 bar of H2 gas added. On the basis of this 
observation and the diffusion behaviour in the IL phase of the [BMPy][Tf2N]/CO2+H2 
system, it can be concluded that H2 gas has no influence on the [BMPy][Tf2N]/CO2 
system. 
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Fig. 2.24 1H T1 of [BMPy] in the [BMPy][Tf2N]/CO2 system in the presence of 30 bar H2 
gas as a function of CO2 pressure at room temperature. 
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Fig. 2.25 Comparison of the 1H T1 values of the H7 and H2 protons in [BMPy] in the 
[BMPy][Tf2N]/CO2 system with and without H2 gas as a function of CO2 pressure at room 
temperature. 
 
  In addition to the investigations of the IL relaxation behaviour in the IL/CO2+H2 
systems, the spin-lattice relaxation time of the dissolved H2 gas in the IL phase was also 
studied (Fig. 2.26). The T1 values of the dissolved H2 gas increase significantly with 
increasing CO2 pressure, and the increase becomes smaller beyond 60 bar. A comparison 
of the T1 values of the dissolved H2 gas in the [EMIM][Tf2N]/CO2 system and in the 
[EMIM][BF4]/CO2 system is presented (Fig. 2.26). It could be observed that the H2 gas 
has longer T1 relaxation times in the [EMIM][Tf2N]/CO2 system than those in the 
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 [EMIM][BF4]/CO2 system, indicating more local motions of the dissolved H2 gas in the IL 
phase in the [EMIM][Tf2N]/CO2 system. This could be due to the fact that the mass 
transport properties of the dissolved H2 gas are affected by the IL/CO2 surroundings and 
the [EMIM][Tf2N]/CO2 system is much less viscous than the [EMIM][BF4]/CO2 system. 
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Fig. 2.26 Comparison of 1H T1 values of H2 gas in (■) [EMIM][Tf2N]/CO2 and 
(▲)[EMIM][BF4]/CO2 systems with 30 bar H2 gas as a function of CO2 pressure at room 
temperature. 
 
  The NMR investigations of the IL/CO2+H2 systems indicate that the NMR technique 
is well suited for the characterization of physicochemical properties in the IL phase of the 
biphasic systems. The NMR results could reveal not only the properties of the mixture but 
more importantly also the physical properties of each component in the mixture and their 
cross-influence among each other.  
2.4 Conclusions 
The mass transport properties of three biphasic IL/CO2 systems are characterized by NMR 
diffusion and relaxation measurements. On the basis of the high CO2 solubility in ILs (up 
to 0.7 as demonstrated in Fig. 2.4), the mass transport properties in the IL phase of the 
biphasic systems including viscosity and diffusivity are significantly improved. IL 
molecular local motions characterized by T1 relaxation times were measured and the 
presence of CO2 in ILs indeed enhances the IL local motions, especially for the ring 
protons in the cation due to the conjugate ring structure.  
  The biphasic IL/CO2 systems were also investigated in the presence of the reaction 
gas H2. The H2 solubility in ILs is strongly enhanced by the presence of CO2. The mass 
transport properties of H2 gas in ILs is also substantially improved due to the fact that the 
compressed CO2 decreases the IL viscosity. The diffusion and relaxation results of ILs 
indicate that the mass transport properties in the IL phase of the [EMIM][Tf2N]/CO2 and 
[EMIM][BF4]/CO2 systems are slightly affected by the presence of H2 gas and there is no 
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considerable impact from H2 gas on the physical properties of the [BMPy][Tf2N]/CO2 
system. These results suggest an impact of the dissolved H2 gas on the imidazolium ring 
in the ILs. The NMR characterizations of the biphasic IL/CO2 systems enable one to have 
some fundamental knowledge of the reaction system and thus choose a proper reaction 
medium for a chemical process. For instance, in a diffusion-controlled chemical process, 
the [EMIM][Tf2N]/CO2 is the suitable medium comparing to the [BMPy][Tf2N]/CO2 and 
[EMIM][BF4]/CO2 systems because the self-diffusivity in the [EMIM][Tf2N]/CO2 system 
is highest at all investigated pressures (with and without H2 gas) (Fig. 2.27) due to the fact 
that the system has lowest viscosity and the [EMIM] cation has smaller hydrodynamic 
radius than the [BMPy] cation. Moreover, the CO2 pressure does not need to be extremely 
high because the improvement of the diffusivity in the IL phase after 60 bar becomes 
marginal. In a H2-dominated reaction like Rh-catalyzed hydrogenation of olefins45, the 
[EMIM][Tf2N]/CO2 and [BMPy][Tf2N]/CO2 systems are appropriate reaction media due 
to the high H2 solubility in ILs (Fig. 2.15) and the fast diffusions in the IL phase.  
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Fig. 2.27 Self-diffusion coefficients of cations in the [EMIM][Tf2N]/CO2, 
[BMPy][Tf2N]/CO2, and [EMIM][BF4]/CO2 systems with and without H2 gas as a 
function of CO2 pressure at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 3   On-line monitoring of hydrogenation with supported ionic 
liquid phase (SILP) catalysts by 1H PHIP-NMR 
3.1 Introduction 
The immobilization of precious homogeneous catalysts is a field of intense research to 
overcome the drawbacks in homogeneous catalysis which concern the difficulties in 
separating the reaction products from the soluble catalyst and the solvent, in recovering 
the catalyst and in applying the reaction system in conventional fixed-bed reactors. A 
supported ionic liquid phase (SILP) technology has been developed as a novel approach to 
immobilize molecular catalysts by dissolving a homogeneous catalyst in a thin film of 
ionic liquid (IL) that is highly dispersed on a high-surface area porous solid21-29. A picture 
of such a catalyst is presented in Fig. 3.1.  
 
Fig. 3.1 Schematic drawing of a SILP catalyst. 
 
  SILP catalysts combine the attractive features of heterogeneous catalysts, i.e. the 
ease of recovering the solid catalyst and the facile applicability in continuous gas phase 
reactions in fixed bed reactors, with the benefits of homogeneous catalysts, i.e. the high 
selectivity. Moreover, SILP catalysts have much efficient use of IL and thus significantly 
reduce the required IL amount, which is desirable from an economic and toxicological 
point of view. The resulting IL film is only a few nanometers thick, which facilitates the 
diffusion and mass transfer of reactants compared to conventional two-phase organic-
ionic liquid catalytic systems. In addition, the very low volatility and high thermal 
stability of the ILs ensure the application of SILP catalysts in continuous processes. The 
properties of SILP catalysts can be fine tuned by optimizing the structure of the IL, the 
transition-metal catalyst, and also the solid support.  
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  In spite of the enormous potential of the SILP technique, so far detailed 
investigations of reactive SILP systems like the underlying interactions at the molecular 
level are not available due to the fact that effective experimental techniques are not 
accessible. There are some studies emerging regarding the surface and interface properties 
of ILs using X-ray photoelectron spectroscopy (XPS)59-61. Although XPS is inherently 
surface sensitive and can be applied to analyze the chemical composition of the near 
surface region, it is difficult to investigate SILP catalysts by this technique, especially 
under elevated pressure conditions, like in catalytic hydrogenation reactions.  
 Para-hydrogen induced polarization (PHIP) is a well established technique in NMR 
spectroscopy and has been developed over the years into a powerful method for the rapid 
characterization of reaction intermediates and products to elucidate in great detail the 
mechanisms of homogeneously and heterogeneously catalyzed hydrogenation reactions2-
19. Recently, it has been demonstrated that PHIP-enhanced signals could also be observed 
in SILP systems with immobilized transition-metal complexes19,62, where they provide the 
opportunity to gain unprecedented insight in the catalytic hydrogenation process.  
  In this chapter the on-line characterization of SILP catalysts with PHIP NMR 
spectroscopy in a continuous gas-phase hydrogenation reaction is demonstrated. The 
changes in the activity of the SILP catalysts during the propene hydrogenation reaction 
were monitored. The influence of variations of the reaction conditions on the catalyst 
activity was studied by NMR spectroscopy and imaging. 
3.2 Experimental 
3.2.1 Sample preparation 
Typically a SILP catalyst (33% IL loading) was prepared by dissolving the rhodium 
complex [Rh(COD)(PPh3)2][BF4] (COD = 1,5-cyclooctadiene) 1  (10.0 mg, 0.01 mmol) 
and degassed [BMPy][Tf2N] (N-butyl-4-methyl-pyridinium 
bis(trifluoromethylsulfonyl)imide) (1.4 g, 3.3 mmol) in dichloromethane (15 mL). Silica 
gel (2.8 g, ca. 480 m2/g specific surface area, pretreated by heating at 480 °C for 16 h) 
was added and the mixture was stirred for 1 h. Then the dichloromethane was slowly 
removed under reduced pressure. The residual powder was dried for 1 h at 80 °C under 
vacuum.  
 The parameters of the analyzed SILP catalysts are summarized in Table 3.1. The 
SILP-1 catalyst was prepared with an IL loading of 33 % and a rhodium complex 1 
amount of 0.26 wt%. In the SILP-2 catalyst the IL-loading was increased to 58 wt% and 
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 the amount of complex kept unchanged, while in the SILP-3 catalyst IL and rhodium 
complex loading were increased to 51 and 0.53 wt%, respectively. The SILP-4 catalyst 
was prepared with an IL loading of 58 % and a rhodium complex 
[Rh(COD)(BINAP)][BF4] (BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) amount 
of 0.42 wt%. In the SILP-5 catalyst there is no IL loading and the rhodium complex 1 
amount is 1.09 wt%. 
 
Table 3.1 SILP catalysts for propene hydrogenation 
  metal complex IL loading (wt%) Rh loading (wt%) 
SILP-1 [Rh(COD)(PPh3)2][BF4] 33 0.26 
SILP-2 [Rh(COD)(PPh3)2][BF4] 58 0.25 
SILP-3 [Rh(COD)(PPh3)2][BF4] 51 0.53 
SILP-4 [Rh(COD)(BINAP)][BF4] 58 0.42 
SILP-5 [Rh(COD)(PPh3)2][BF4] 0 1.09 
 
 
 
 
3.2.2 PHIP NMR measurements 
Propene hydrogenation using SILP catgalyst (Fig. 3.2) was taken as a model reaction to 
study the catalyst activity by PHIP NMR. The experimental setup for the gas phase 
hydrogenation reaction is shown in Fig.  3.3. Regular H2 (25% para, 75% ortho H2) was 
passed through activated charcoal in a U-shaped metal tube at 77 K to produce a stream of 
50% para- and 50% ortho-H2. With two mass flow controllers (MFC) the resultant H2 and 
propene gases were passed through 1/16 inch (i.d. 1 mm) capillaries to a U-shaped glass 
reactor (i.d. 3 mm) containing the SILP catalyst at the bottom. A sample of the SILP 
catalyst (0.085 g) was packed between two plugs of glass wool inside the glass reactor. 
The reactor was placed inside a 300 MHz BRUKER NMR spectrometer equipped with a 
15 mm birdcage resonator. The hydrogenation reaction was carried out at atmospheric 
pressure and selected temperatures while 1H NMR spectra of the gas phase were recorded.  
 
Fig. 3.2 Para-hydrogenation of propene using the SILP catalyst to form PHIP polarized 
propane  (the protons from p-H2 in propane are labelled as Ha and Hb). 
 
 Chemical shift imaging (CSI)63,64 was performed to investigate the influence of the 
catalyst packing on the propene hydrogenation activity. One-layer and two-layer catalyst 
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packings were studied.  In the NMR imaging experiments, the glass reactor was adjusted 
to make sure that the information of both the catalyst bed and the gas phase could be 
detected simultaneously.  
MFC
MFC
H2 catalyst propene
77K
SILP cat.
reactor in NMR
spectrometer
 
Fig. 3.3 Schematic diagram of the experimental setup.  
3.3 Results and discussion 
3.3.1 Propene hydrogenation monitored by PHIP enhanced 1H NMR spectroscopy 
The initial experiments were conducted using the SILP-1 catalyst with a low flow rate of 
1 mL/min for hydrogen and propene, respectively (Fig. 3.4a). In the NMR spectrum of 
such an experiment no PHIP enhanced signals could be observed. Only thermally 
polarized propene and propane signals could be detected due to the long residence time in 
the reaction system. However, the good resolution of the spectra enables the monitoring of 
the catalyst activity. By comparing the integral of the methyl signal of the product 
propane to the integral of the methylene signal of the reactant propene (Fig. 3.4a), a 
conversion of 60% could be observed for the SILP-1 catalyst after 30 min.  
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Fig. 3.4 1H NMR spectra (1 scan) detected in situ in the catalytic propene hydrogenation 
at 75 °C over the SILP-1 catalyst at flow rates of (a) 1 mL/min para-H2 and 1 mL/min 
propene, (b) 30 mL/min regular H2 and 20 mL/min propene, (c) 30 mL/min para-H2 and 
20 mL/min propene. The signals from the para-H2 derived protons in the propane and the 
CH2 signal in the propene are marked in spectrum (c). Spectra (a) and (b) have been 
magnified 5 times. 
 28
  Increasing the flow rates of hydrogen and propene gases could result in lower propene 
conversion and thus smaller propane signals. Using flow rates of 30 mL/min of normal 
hydrogen and 20 ml/min of propene, no measurable propane signals are produced (Fig. 3.4b). 
However, using para-hydrogen enriched hydrogen gas under identical conditions resultes in 
two strongly enhanced anti-phase multiplet signals known as PASADENA signals (para-
hydrogen and synthesis allow dramatic enhancement of nuclear alignment)4,5,8 in Fig. 3.4c. 
The high flow rate reduces the residence time of the polarized propane in the catalyst phase to 
a value shorter than its spin-lattice relaxation time T1, and enables the monitoring of 
PASADENA signals. An enhancement factor of about 185 is calculated for the SILP-1 
catalyst by comparing the data in Fig. 3.4c to that in Fig. 3.4b. Such a strong signal 
enhancement is a prerequisite for the in-depth investigation of the SILP catalytic system 
under initial reaction conditions with low conversion rates. 
 The signal intensity of PHIP-polarized product in NMR spectra correlates with the 
catalyst activity, the spin-lattice relaxation time T1 of the polarized product, and the 
residence time of the product in the catalytic system4,10. The detection of the PHIP 
enhanced NMR signal from PHIP-polarized product is only possible when the T1 of the 
polarized product is longer than the reaction time and the residence time in the catalytic 
system. The detection of the PHIP-polarized product enables one to investigate the SILP 
catalyst in the initial reaction phase with low product conversion.  
 In the subsequent experiment the change in intensity of the PHIP signals was 
monitored over a time of 30 min at high flow rates. By scaling the anti-phase peak 
intensity corresponding to the CH3 group in the PHIP polarized propane to the intensity of 
the thermally polarized CH2 group in propene, a PHIP-activation curve of the SILP-1 
catalyst is obtained (Fig. 3.5). The graph clearly shows that the PHIP enhancement is 
strongest in the first 10 min and then diminishes to a small value. During the time 10-30 
min, the PHIP signal intensity slowly increases to a constant value. Because the reaction 
conditions (temperature and flow rate) of the hydrogenation with the SILP catalyst were 
time-invariant, the T1 relaxation time of the PHIP-polarized product would be constant. In 
this case, the apparent initial reduction of the PHIP signal intensity in the hydrogenation 
with the SILP-1 catalyst indicates a considerable change in the catalytic SILP system. The 
propene conversion results in Fig. 3.6 indicates an increase of the catalyst activity during 
the first half hour, therefore, such a change in the catalytic SILP system could only be 
attributed to a structural modification in the active SILP catalyst in the initial reaction 
phase (0-7.5 min) which prolonged of the residence time of the product in the catalytic 
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system. The small increase of the PHIP signal during the time 10-30 min could be induced 
by the increase of the catalyst activity. 
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Fig. 3.5 Activation of the SILP catalyst in continuous gas-phase hydrogenation of propene 
at flow rates of 30 mL/min para-H2 and 20 mL/min propene monitored on line via 1H 
PHIP-NMR spectroscopy in terms of the intensity of the anti-phase CH3 signal of the 
polarized propane normalized to the intensity of the CH2 peak of propene as a function of 
time. The inset graph presents the magnified data during the time 7.5-30 min.  
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Fig. 3.6 Conversion of propene to propane with the SILP-1 catalyst at 75 °C at flow rates 
of 1 mL/min para-H2 and 1 mL/min propene as a function of time. 
 
 In order to investigate the change in the PHIP-activity of the SILP catalyst during the 
hydrogenation reaction in further detail, subsequent PHIP-hydrogenation experiments 
were performed with three different SILP catalysts (SILP-1, SILP-2 and SILP-3) which  
contain the same rhodium complex. Strongly enhanced PASADENA signals were 
observed with the SILP-1 catalyst in the early reaction phase (Fig. 3.7a). The spectra of 
the SILP-2 catalyst with the same amount of rhodium complex but higher IL loading 
showed the same order of enhancement for the PHIP signals (Fig. 3.7b). In contrast to 
those, the SILP-3 catalyst with an increased amount of the rhodium complex produced 
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 PHIP signals twice as large (Fig. 3.7c). These results indicate that in the initial phase of 
the reaction, the intensity of the PHIP signals from the SILP catalytic system is mainly 
determined by the amount of the rhodium complex present in the SILP catalyst and not by 
the thickness of the IL layer on the support. The spectrum from a reference experiment at 
the same reaction conditions as in the PASADENA experiments, but with regular H2 gas 
is shown in Figure 3.7d. A PHIP-enhancement factor of about 410 was evaluated by 
comparing the data in Figures 3.7c and 3.7d from the SILP-3 catalyst. This further 
corroborates the effectiveness of the PHIP experiments with SILP catalysts. 
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Fig. 3.7 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ 
with flow rates of 30 mL/min para-H2 and 20 mL/min propene in the early hydrogenation 
phase with (a) SILP-1, (b) SILP-2 and (c) SILP-3 catalyst. Spectrum (d) was acquired at 
identical reaction conditions but at flow rates of 30 mL/min regular H2 and 20 mL/min 
propene using the SILP-3 catalyst and has been magnified 10 times. The signals from the 
para-H2 derived protons in propane and the CH2 signals in propene are marked. 
 
After the initial reaction phase (10 to 30 minutes), the PHIP experiments were continued 
and the PHIP enhancement factors of the three different catalysts were further evaluated. 
Figure 3.8 shows the different 1H PHIP-NMR spectra from the activated SILP catalysts. The 
SILP-1 system with the thinnest IL coating produces now the largest PHIP signals (Fig. 3.8a), 
while the SILP-2 and the SILP-3 systems with thicker IL films exhibit smaller PHIP signals 
(Figures 3.8b and 3.8c). These first quantitative measurements clearly demonstrate that the 
thickness of the IL layer plays a determining role in the PHIP enhancement after the catalyst 
activation period. 
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Fig. 3.8 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ in the 
PASADENA experiments at flows of 30 mL/min para-H2 and 20 mL/min propene over 
activated SILP catalysts with (a) SILP-1, (b) SILP-2 and (c) SILP-3.  
 
 In order to elucidate a possible correlation of the catalyst activity and the intensity of the 
PHIP signals, reference experiments at low flow rates (Fig. 3.9) were performed where only 
thermally polarized propene and propane signals were observed owing to the long residence 
time in the reactor. By comparing the signals between the product propane and the reactant 
propene, a conversion of about 66 % was evaluated for both SILP-1 and SILP-2 catalysts. A 
higher propene conversion of 91 % was achieved with the SILP-3 catalyst owing to the higher 
loading with the rhodium complex. These studies of catalyst activity further support the 
notion, that the PHIP signal intensity is determined primarily by the thickness of IL film and 
less by the amount of rhodium complex present in the activated SILP catalyst. 
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Fig. 3.9 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ at 
flows of 1 mL/min para-H2 and 1 mL/min propene over activated SILP catalysts with (a) 
SILP-1, (b) SILP-2 and (c) SILP-3. 
 
 It has already been demonstrated that the signal intensity in PHIP enhanced NMR 
spectra depends on the catalyst activity, the spin-lattice relaxation time T1 of the polarized 
product, and the residence time of the product in the catalytic system. When the reaction 
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 conditions (flow rates and temperature) are time-invariant, the T1 relaxation time of the 
polarized product would be constant. In the examined systems, the three SILP catalysts 
(SILP-1, SILP-2 and SILP-3) contain the same rhodium complex in altered amounts and 
with different IL loadings. As in these three catalysts the same active species is present, a 
comparison of the PHIP-performance of these catalysts provides detailed information on 
the structural changes in the supported IL layer. The observation that in the early stage of 
the reaction the thickness of the IL layer has no measurable influence on the PHIP signal 
intensity and higher catalyst loading contributes to larger PHIP signals implies a surface 
enrichment of the rhodium complex in the thin film of IL in the SILP system at this stage 
of the reaction. A comparable surface enrichment effect of palladium complexes in 
[EMIM][EtOSO3] (1-ethyl-3-methyl-imidazolium ethylsulfate) has already been 
demonstrated using XPS59. However, for the SILP catalysts with constant activity after the 
activation period, the thickness of the IL film plays an important role for the PHIP 
enhancement. The collected data suggest for this case an enrichment of rhodium complex 
near the IL/support surface at highest catalyst activity, where the residence time of the 
polarized propane in the IL layer is increased and extra relaxation is induced. Thus, the 
apparent change in PHIP signals intensity can be explained with a relocation of the 
rhodium complex from the near IL/gas surface region towards the near IL/support surface 
region in the SILP catalyst.  
 To further demonstrate the role of the supported IL layer in the SILP catalyst, PHIP 
experiments were performed with SILP-5 catalyst containing the same rhodium complex 
as the examined three SILP catalysts but no IL loading. Strongly enhanced PHIP signals 
from the SILP-5 catalyst in the initial reaction phase are shown in Fig. 3.10a. After the 
initial reaction phase, the PHIP experiments were continued but no PHIP enhancement 
could be observed (Fig. 3.10b). These observations demonstrate that initially the SILP-5 
catalyst is active in producing the PHIP enhancement but loses the PHIP activity quickly. 
Reference experiments at slow flows were operated and no measurable propane signal was 
detected from the hydrogenation reaction with the SILP-5 catalyst (Fig. 3.11b). This 
observation demonstrates that the SILP-5 catalyst does not have reaction activity after the 
short initial reaction phase. In contrast to this, the SILP-3 catalyst with half rhodium 
complex amount but with a supported IL layer produces much larger propane signal (Fig. 
3.11a) which indicates the high catalyst activity. The observed results from the PHIP 
experiments and the standard NMR spectroscopic experiments show that the presence of 
the supported IL phase affects the activity of the SILP catalyst. The role of the supported 
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IL layer on activated carbon fibers has been reported in the propyne hydrogenation 
reaction, where the hydrogenation selectivity of Pd nanoparticles and its PHIP activity are 
dramatically affected by the presence of the supported IL layer19.   
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Fig. 3.10 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ in 
the PASADENA experiments at flows of 30 mL/min para-H2 and 20 mL/min propene over 
the SILP-5 catalyst (a) in the early stage of the reaction, (b) after the activation period. 
Spectrum (b) has been magnified 5 times. 
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Fig. 3.11 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ at 
flows of 1 mL/min para-H2 and 1 mL/min propene over activated SILP catalysts with (a) 
SILP-3 and (b) SILP-5. 
 
 In addition to the importance of the supported IL layer in the SILP catalyst, the 
influence of the catalyst activity on the PHIP enhancements was studied by changing the 
structure of the phosphine ligand on the rhodium complex in the SILP catalyst. 
PASADENA experiments using the SILP-4 catalyst were executed. The SILP-4 catalyst 
with R-BINAP (R-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) ligand produces PHIP 
signals in the early stage of the reaction (Fig. 3.12a), while the SILP-2 catalyst with PPh3 
(triphenylphosphine) ligand and same IL loading but around half rhodium complex 
amount generates PHIP signals twice as large (Fig. 3.12b). These results indicate that the 
SILP-4 catalyst has less PHIP activity than the SILP-2 catalyst. After the initial reaction 
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 phase the PHIP experiments were continued and no measurable PHIP signal could be 
observed from the SILP-4 catalyst (Fig. 3.13b). But in the SILP-2 system large PHIP 
signals still exist after the initial reaction phase. This loss of the PHIP signal in the SILP-4 
system could only be induced by the low catalyst activity because the same reaction 
conditions and the same supported IL layer thickness in the SILP-4 system as that in the 
SILP-2 catalyst have been applied. Reference experiments at slow flows were performed 
(Fig. 3.13a) and a propene conversion of 21% could be observed for the SILP-4 catalyst. 
In contrast to this, the activated SILP-2 catalyst presents a propene conversion of 66%. 
These reaction conversion data are in good agreement with the deduction of the catalyst 
activity from the PHIP experiments using SILP-2 and SILP-4 systems. These experiments 
indicate that the SILP catalyst with the R-BINAP ligand in the rhodium complex has 
lower hydrogenation activity and lower PHIP activity than that with the PPh3 ligand in the 
rhodium complex. 
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Fig. 3.12 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ 
in the PASADENA experiments at flows of 30 mL/min para-H2 and 20 mL/min propene 
over SILP catalysts in the early stage of the reaction with (a) SILP-4, and (b) SILP-2. 
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Fig. 3.13 1H NMR spectra (1 scan) of the propene hydrogenation at 75 °C detected in situ 
in the PASADENA experiments over activated SILP-4 catalyst at flows of (a) 1 mL/min 
para-H2 and 1 mL/min propene, (b) 30 mL/min para-H2 and 20 mL/min propene. 
Spectrum (c) was acquired at flows of 30 mL/min para-H2 and 20 mL/min propene using 
the SILP-4 catalyst in the early stage of the reaction. 
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 In addition to the role of the supported IL layer and the transition-metal complex 
structure in the SILP catalyst, the influence of temperature on the catalyst activity was 
investigated under slow flow conditions. Figure 3.14 shows that high propene conversion 
can already be achieved above 55 °C using PPh3 based SILP catalysts (SILP-1, SILP-2 
and SILP-3). Moreover, besides that higher rhodium complex loading in the SILP catalyst 
induces higher propene conversion (Fig. 3.14, SILP-3), the diffusion of reactant gas into 
the IL layer is not limiting the reaction efficiency because SILP-1 and SILP-2 systems 
with the same rhodium complex amount but different IL loadings show the same 
conversion dependence at temperatures up to 75 °C (Fig. 3.14, SILP-1 and SILP-2). It is 
difficult to investigate the temperature influence on the catalyst activity of the SILP-4 
system without PHIP enhancement due to the low propene conversion. 
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Fig. 3.14 Influence of temperature on the propene conversion detected in the 
hydrogenation at flow rates of 1 mL/min para-H2 and 1 mL/min propene over activated 
catalysts (■) SILP-1, (●) SILP-2, and (▲) SILP-3. 
 
 In the further experiments the dependence of the PHIP-activity of the SILP catalysts 
at different temperatures was investigated. The PHIP-activity was measured by scaling the 
anti-phase peak intensity of the CH3 group in the PHIP polarized propane to the intensity 
of the CH2 group in the propene educt. Figure 3.15 shows two graphs of the PHIP activity 
of the SILP-1 catalyst as a function of time at 25 and 45 °C. It could be observed that the 
PHIP signal intensity is higher at 45 °C than that at 25 °C. Furthermore, the PHIP activity 
reduction in the early stage of the reaction is faster at 45 °C than that at 25 °C. These 
results indicate the strong temperature dependence of the PHIP-activity of the SILP 
catalyst. In order to investigate this dependence carefully and systematically, SILP 
catalysts with different rhodium complexes, different rhodium complex amounts, and 
different IL loadings were investigated at different temperatures. The results regarding the 
temperature dependence of the PHIP signal intensity are discussed first. 
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Fig. 3.15 Activation of the SILP catalyst in the continuous gas-phase hydrogenation of 
propene with the SILP-1 catalyst at flow rates of 30 mL/min para-H2 and 20 mL/min 
propene at (a) 25 °C and (b) 45 °C monitored on line via 1H PHIP-NMR spectroscopy in 
terms of the intensity of the anti-phase CH3 signal of the polarized propane normalized to 
the intensity of the CH2 peak of propene as a function of time. 
 
 In the experiments using SILP catalysts with PPh3 ligand in the rhodium complex 
(SILP-1, SILP-2 and SILP-3), a strong dependence of the relative PHIP-intensity on 
temperature was observed both in the early reaction phase (Fig. 3.16a) and after the 
activation (Fig. 3.16b). In the experiments during the initial reaction phase, the SILP-1 
and SILP-2 systems show the same PHIP-activity dependence on temperature. In contrast 
to this, the PHIP enhancement obtained with the SILP-3 catalyst is twice higher at all 
investigated temperatures than that from the SILP-catalysts (SILP-1 and SILP-2) 
containing a smaller amount of rhodium complex. However, after the activation for the 
SILP-1 catalyst with the lowest IL coating, the strongest PHIP enhancement was observed 
(Fig. 3.16b). The SILP-2 and SILP-3 systems have a similar dependence of PHIP-
enhancement on temperature, but their PHIP signal intensity is only half as high as that 
from the SILP-1 system, even though the SILP-3 catalyst has much higher rhodium 
loading. This further corroborates that the thickness of the IL layer is of crucial 
importance for the PHIP-activity of the SILP catalysts.  
 Unlike the PPh3 ligand based SILP catalysts (SILP-1, SILP-2 and SILP-3), the R-
BINAP ligand based SILP catalyst (SILP-4) in the early reaction phase show much 
smaller relative PHIP-intensity at all investigated temperatures and a weaker PHIP 
activity dependence on temperature (Fig. 3.17). After this initial reaction phase, no 
measurable PHIP signal could be observed at all temperatures although the SILP-4 
catalyst is still active and possesses a small catalyst activity (22% propene conversion at 
75 °C). This indicates that the PHIP activity of the BINAP ligand based SILP catalyst 
cannot be substantially improved via increasing the reaction temperature in the 
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investigated limit. 
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Fig. 3.16 Dependence of the PHIP signal intensity on temperature in the PASADENA 
experiments during the in situ propene hydrogenation at flow rates of 30 mL/min para-H2 
and 20 mL/min propene over activated SILP catalysts with (■) SILP-1, (●) SILP-2, and 
(▲) SILP-3. The data in (a) were recorded at the early stage of the reaction and in (b) 
after the activation period. 
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Fig. 3.17 Dependence of the PHIP signal intensity on temperature in the PASADENA 
experiments during the in situ propene hydrogenation at flow rates of 30 mL/min para-H2 
and 20 mL/min propene over SILP catalysts in the early stage of the reaction with (■) 
SILP-2, and (●) SILP-4. 
 
 By comparing the data in Figure 3.16a to those in Figure 3.16b, it is evident that 
PHIP signals from SILP catalysts at the beginning of the reaction are more than 20 times 
stronger than those after the activation at all investigated temperatures. These results 
further substantiate the possibility that the active rhodium complex migrates from the near 
IL/gas surface region towards the near IL/support surface region during the activation 
period. Furthermore, according to the conversion data in Figure 3.14, the catalyst activity 
does not increase significantly above 55 °C, but in contrast to this the intensity of the 
PHIP signals (Fig. 3.16) still show a substantial increase at the elevated temperatures. 
This increased PHIP enhancement can be attributed to a decrease in the IL viscosity with 
increasing temperature, which enhances the diffusion of the polarized propane out of the 
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 IL layer in the SILP catalyst25 and reduces the residence time in the IL layer.  
 In addition to the role of temperature on the PHIP signal intensity, the rate of the 
PHIP signal reduction in the initial reaction phase was also studied at different 
temperatures. In order to know how fast the PHIP signal decreases in the early stage of the 
reaction, the PHIP activation data (like those in Fig. 3.15) in the PHIP signal reduction 
period were fitted with a single exponential decay function. Because the PHIP signal 
reduction in the early stage of the reaction was induced by the relocation of the rhodium 
complex in the supported IL layer from the near IL/gas surface region towards the near 
IL/support surface region in the SILP catalyst, the calculated rate constant would reveal 
the information about the migration rate of the rhodium complex in the supported IL 
which cannot be monitored in real-time by other standard characterization methods.  
 The migration ability of the rhodium complex in the supported IL layer could be 
mainly determined by the mobility of the metal-complex and the viscosity of the used IL. 
The mobility of the rhodium complex is higher when the temperature is high. 
Furthermore, the viscosity of the applied IL decreases with increasing temperature. 
Therefore, the migration of the rhodium complex would be easier in the supported IL 
layer at higher temperatures. This is experimentally confirmed by the data in Fig. 3.18 
where the determined PHIP signal reduction rates at different temperatures in three SILP 
catalysts (SILP-1, SILP-2 and SILP-3) are shown. It could be observed in Fig. 3.18 that 
the PHIP signal reduction rate increases with increasing the temperature. This observation 
indicates that the relocation rate of the rhodium complex in the supported IL layer 
increases with increasing temperature in the investigated limit. Moreover, similar PHIP 
signal reduction rates at all investigated temperatures could be observed in the analyzed 
SILP catalysts due to the fact that the three SILP catalysts have the same rhodium 
complex structure and the same kind of IL. These results corroborate the fact that the 
migration ability of the rhodium complex in the supported IL in the SILP system is mainly 
determined by the structure of the metal-complex and the viscosity of the applied IL.  
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Fig. 3.18 Dependence of the PHIP signal reduction rate on temperature in the 
PASADENA experiments during the in situ propene hydrogenation at flow rates of 30 
mL/min para-H2 and 20 mL/min propene over PPh3 ligand based SILP catalysts of (■) 
SILP-1, (●) SILP-2 and (▲) SILP-3. 
 
 The SILP-4 catalyst with the same IL variety but a different rhodium complex 
structure (with R-BINAP ligand in the rhodium complex) has been applied to investigate 
the influence of the metal-complex structure on the migration ability in the supported IL 
layer in the SILP system during the reaction. An increase of the PHIP signal reduction rate 
with increasing temperature was observed which is similar to that in the PPh3 ligand based 
SILP systems (SILP-1, SILP-2 and SILP-3) (Fig. 3. 19). But the reduction rates in the 
SILP-4 system are only half of those in the SILP-2 system with the same IL but a different 
rhodium complex. This reduction-rate difference between these two catalysts indicates a 
difference in the mobility of the rhodium complex. The R-BINAP ligand based rhodium 
complex has a larger and more fixed structure and thus lower mobility than the PPh3 
ligand based SILP catalysts which have relatively more flexible structures. 
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Fig. 3.19 Dependence of the PHIP signal reduction rate on temperature in the 
PASADENA experiments during the in situ propene hydrogenation at flow rates of 30 
mL/min para-H2 and 20 mL/min propene over SILP catalysts of (■) SILP-2, and (●) SILP-
4. 
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  PHIP NMR spectroscopy offers the opportunity not only to enhance the small 
intermediate or product signal for the analytical investigation, but also to monitor 
chemical reactions in real-time to reveal the underlying changes of the catalyst during the 
reaction which could not be characterized by other methods. 
3.3.2 Propene hydrogenation monitored by PHIP enhanced NMR imaging  
NMR spectroscopy is a powerful tool to investigate details of molecular structure and 
dynamics, but it has difficulty in providing deep insight in the gas-phase catalytic 
hydrogenation reaction, like how the catalyst bed is actually packed and how the catalyst 
packing affects the product conversion. NMR imaging could solve these problems and 
directly provide the catalyst activity information in the hydrogenation reaction. Chemical 
shift imaging (CSI) was applied to study the catalytic hydrogenation of propene. With this 
method both spectroscopic and imaging information could be measured simultaneously. 
Via resolving the chemical shifts of propene and propane, it is possible to distinguish the 
signals from the reactant and the product in the image. On the basis of this method, the 
evolution of the catalytic propene hydrogenation could be monitored in situ. 
 The feasibility of applying CSI in the continuous gas-phase hydrogenation of 
propene was investigated using immobilized Pt nanoparticles on Al2O3 support. The 
catalyst was packed loosely between two plugs of glass wool in one side of a U-shaped 
glass reactor and the catalyst bed is depicted in Fig. 3.20a. A 3D CSI experiment was 
executed and the results are shown in Fig. 3.20. 1D 1H NMR spectra together with 1D 
NMR images of the reaction system in the X and Z directions were evaluated from the 3D 
CSI measurement (Figs. 3.20b-d). It could be observed in Figs. 3.20b and c that the 
chemical shift difference between the ethylene (δ = 4.5-6.5 ppm) and the methyl (δ = 0-3 
ppm) groups in the reactant propene is well resolved in the CSI experiment. But the 
chemical shift difference between the methyl group in the reactant propene and all signals 
from the product propane could not be resolved in this experiment. At the input side of the 
reactor (X = 1.5-4.5 mm) only propene signals present (Figs. 3.20b and c), while at the 
output side (X = 9.5-12.5 mm) there is almost pure propane signals (Figs. 3.20b and d), 
indicating the high propene conversion in this catalytic hydrogenation. The image along 
the Z direction at the output side of the reactor (Fig. 3.20d) indicates an inhomogeneous 
distribution of the signal intensity along the catalyst bed. This inhomogeneous signal-
intensity distribution indicates different reaction activities in the catalytic reactor. By 
integrating the signal at δ = 4.5-6.5 ppm corresponding to the ethylene group in the 
propene educt, Figure 3.20e was obtained. There is a barely measurable signal at X = 9.5-
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12.5 mm, indicating that almost all propene educt was conversed into propane. After 
integrating the signals at δ = 0-3 ppm we obtained the image in Fig. 3.20f. The weaker 
signal in the middle of the output side (X = 9.5-12.5 mm and Z ≈ 15 mm) corroborates the 
existence of a hole in the catalyst packing (Fig. 3.20a).  
 
Fig. 3.20 Images of Pt/Al2O3 catalyzed propene hydrogenation at 75 °C at flows of 10 
mL/min para-H2 and 10 mL/min propene with the 3D CSI technique. (a) Photo of the 
catalyst bed in the U-shaped glass reactor. The Z direction is parallel to the B0 field. The 
dotted lines denote the positions of the 1D proton spin images (in b - d). The extracted 1H 
NMR spectra together with 1D NMR images of the catalytic reactor (b) in X direction, (c) 
in z direction at X = 3 mm, and (d) in Z direction at X = 11 mm. 2D Z-X images of the 
catalytic reactor after integrating the signals at (e) δ = 4.5-6.5 ppm, and (f) δ = 0-3 ppm 
from the 3D CSI images. 
 
 After integrating all of the signals in the reaction system we can obtain a 2D image 
which displays the information of the reactant propene and the product propane 
simultaneously (Fig. 3.21). By comparing the integral of signals at the catalyst side to that 
at the input side of the reactor, an enhancement factor of 1.33 could be obtained due to the 
higher proton spin number density in the product propane than that in the reactant 
propene. From this enhancement factor we can calculate a propene conversion of 99% in 
the reaction system with Pt/Al2O3 as the catalyst because this catalyst cannot generate 
PHIP enhanced propane signal at the applied reaction conditions. All these results were 
obtained in one 3D CSI experiment in a single scan which takes about half an hour. The 
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 results elucidate the facile applicability of the CSI method in catalytic hydrogenation 
reactions with immobilized catalysts. 
 
Fig. 3.21 2D Image of Pt/Al2O3 catalyzed propene hydrogenation a 75 °C at flows of 10 
 he continuous gas-phase hydrogenation of propene with the SILP catalyst was also 
t 
mL/min para-H2 and 10 mL/min propene after integrating all signals in the 3D CSI 
experiment. 
 
T
studied. The propene hydrogenation with only one layer of SILP-1 catalyst was 
investigated. The direct observation of the catalytic reactor is shown in Fig. 3.22a. 
Because the SILP-1 catalyst could produce large 1H NMR signals due to the high IL 
loading, the image of the catalyst bed could be obtained (Fig. 3.22b). It is shown that there 
are much more catalysts packed at one side of the reactor, indicating an extremely 
inhomogeneous packing of the SILP catalyst.  
 
Fig. 3.22 (a) Photo of the one-layer packed SILP-1 catalyst in the U-shaped reactor. (b) 
The signals from the reactant propene and the product propane overlap with the large 
2D image of the catalytic reactor before the hydrogenation reaction. 
 
 
and broad signals from the SILP catalyst. Due to the signals’ overlap, it is difficult to 
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obtain all the evolution information of the hydrogenation reaction in one 3D CSI 
experiment which was achieved in the Pt/Al2O3 system where there is no proton signal in 
the catalyst bed. Figure 3.23a shows the PHIP enhanced NMR image measured in situ in 
the para-hydrogenation of propene. By comparing the signals before and after the catalyst 
bed, an enhancement factor of 8 is achieved. If there is no PHIP enhancement in the 
reaction system, a maximum enhancement factor of 1.34 is assumed when the propene is 
completely conversed into propane. At the investigated fast flow rates much lower 
propene conversion (~15%) exists which could be measured by comparing the proton 
signals before and after the catalyst bed in the SILP catalyzed propene hydrogenation 
using regular H2 gas in Fig. 3.23b. A strong signal enhancement was observed in the NMR 
imaging of the reaction system with the aid of the PHIP method by comparing image to 
that measured without the PHIP technique.   
 
Fig. 3.23 Images of propene hydrogenation at 75 °C over the one-layer SILP-1 atalyst 
 n order to have the pure reaction activity information, the large signals from the 
 c
with the 3D CSI technique at flows of (a) 30 mL/min para-H2 and 20 mL/min propene, (b) 
30 mL/min regular H2 and 20 mL/min propene.  
 
I
catalyst itself have to be excluded. A difference image (Fig. 3.24c) between the PHIP 
enhanced image (Fig. 3.24a) and the catalyst bed image (Fig. 3.24b) was evaluated which 
represents mainly the reaction activity information. It could be observed that there is 
higher signal intensity at the latter part of the catalyst bed near the output side in the 
difference image (Fig. 3.24c), indicating that the product conversion is improved by the 
long catalyst packing. These results suggest a multi-layer packing of the SILP catalyst in 
the reaction. 
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Fig. 3.24 (a) 2D image of propene hydrogenation at 75 °C over the one layer SILP-1 
catalyst with 3D CSI technique at flows of 30 mL/min para-H2 and 20 mL/min propene. 
(b) 2D image of the catalytic reactor before the hydrogenation reaction. (c) The difference 
of images a and b. 
 
 To further illustrate the packing influence on the reaction activity, the SILP-1 
catalyst packed in 2 layers was investigated. The image of the 2-layer SILP system (Fig. 
3.25b) shows equal amounts of the catalyst in each layer. In the subsequent PHIP NMR 
imaging experiments (Fig. 3.26a), an enhancement factor of 5 could be achieved by 
comparing the signals before and after the catalytic hydrogenation. A difference image 
was obtained by excluding the SILP catalyst signals from the PHIP-image. Higher signal 
intensity in the second catalyst layer was observed, indicating that the propene conversion 
is improved by the presence of the second catalyst layer. The long catalyst packing or the 
multi-layer packing prolongs the residence time of the reactant gases in the catalyst bed, 
leading to the higher product conversion. 
 
Fig. 3.25 (a) Photo of the 2-layer packed SILP-1 catalyst in the U-shaped reactor. (b) 2D 
image of the catalytic reactor before the hydrogenation reaction. 
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Fig. 3.26 (a) 2D image of propene hydrogenation at 75 °C over the 2-layer packed SILP-1 
catalyst with the 3D CSI technique at flows of 30 mL/min para-H2 and 20 mL/min 
propene. (b) 2D image of the catalytic reactor before the hydrogenation reaction. (c) The 
difference of images a and b. 
 
 NMR imaging of the catalytic hydrogenation reaction could easily reveal the 
information about the packing of the SILP catalyst. With the aid of the PHIP method, 
NMR imaging of the continuous gas-phase hydrogenation reaction opens up the potential 
for the in situ visualisation of the reaction activity along the catalytic reactor to 
understand the influence of the reaction conditions for further industrial applications. 
3.4 Conclusions 
This study reports the successful application of 1H PHIP NMR spectroscopy and imaging 
in investigating catalytic hydrogenation. The continuous gas-phase hydrogenation of 
propene with supported ionic-liquid-phase (SILP) catalysts was monitored in real-time. 
For the first time, the surface analysis of SILP catalysts in the hydrogenation reaction was 
obtained by PHIP-NMR spectroscopy. It has been demonstrated that the relative amounts 
of IL and transition-metal catalyst are of key importance for high PHIP activity. The 
supported IL layer in the SILP catalyst not only stabilizes the transition-metal complex on 
the solid support, but also affects the PHIP activity. Furthermore, the experimental results 
substantiate a relocation of the rhodium complex from the near IL/gas surface region 
towards the near IL/support surface region during the hydrogenation reaction. NMR 
imaging has also been used to investigate the propene hydrogenation with SILP catalysts.  
  The catalyst packing and its influence on the reaction activity were studied in detail. 
The reported results support that long and multi-layer catalyst packing improves the 
product conversion. The presented PHIP-NMR spectroscopy and imaging could have 
substantial impact on the further understanding of SILP catalysts, and the experimental 
findings constitute a step forward in the knowledge-based design of SILP catalysts for 
further industrial applications.       
 4   Improvement of low-field NMR sensitivity by PHIP  
4.1 Introduction 
Sensitivity poses a persistent challenge to NMR spectroscopy and magnetic resonance 
imaging (MRI). Lower temperatures and higher magnetic fields can provide limited relief 
which have driven the development of immobile and expensive superconducting magnets 
to get higher magnetic fields. Moreover, at higher magnetic fields higher spectral 
resolution could be achieved for chemical analysis by NMR spectroscopy which is a 
powerful tool to investigate details of molecular structure and dynamics. In recent years, 
NMR and MRI at low magnetic fields have gained great interest due to the fact that low-
field NMR magnets without cryogens are inexpensive and can be made mobile. Low-field 
NMR has shown great promise for a wide range of experiments including high-resolution 
spectroscopy1,65-72, imaging67,73,74, relaxation measurements, and detection of molecular 
diffusion1,75-79. The use of low-field NMR promises new applications in well-logging, in 
the analysis of objects of heritage culture, for food quality control, and in the chemical 
and material sciences which are prohibited by or difficult to perform with high-field 
machines1.  
 Much of the analytical power of the high-field NMR can be maintained when B0 is 
reduced to fields of 0.1-1 T which can be generated by small and portable NMR devices 
with permanent magnets65-67,69. If B0 is reduced to fields in the milli-Tesla regime, the 
inherently low sensitivity and the relatively low spectral resolution will prevent the wide 
use of low-field NMR devices.  
 The inherent low sensitivity of low-field NMR is due to the small differences in the 
thermodynamic equilibrium populations of the spin states. Two general strategies known 
as thermal prepolarization and hyperpolarization have been demonstrated to overcome this 
disadvantage. Thermal prepolarization can be realized via establishing a new thermal 
equilibrium state of the sample in a strong, but not necessarily homogeneous magnetic 
field before signal detection at low field71. Hyperpolarization is achieved by transferring 
the high polarization of photons or the high spin order of a second group of spins to the 
target nuclei. Several hyperpolarization techniques including spin exchange optical 
pumping80, dynamic nuclear polarization (DNP)32-34 and spin polarization-induced nuclear 
Overhauser effect (SPINOE)81 have already been applied in low-field NMR. 
 Parahydrogen induced polarization (PHIP) as a chemical hyperpolarization method 
has also been proposed to improve the sensitivity of low-field NMR. A chemical reaction 
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of a substrate by hydrogenation is required to break down the symmetry of the protons in 
para-hydrogen (p-H2) to generate PHIP polarization. Recently, a new approach to 
generate PHIP sensitized materials without direct hydrogenation has emerged which is 
known as NH-PHIP15,16,20. This technique involves a temporary association of a substrate 
and p-H2 via a transition metal based host, polarization transfer from a p-H2 derived 
hydride ligand to the bound substrate via scalar coupling, and fast dissociation of the 
magnetically labeled substrate. A theoretical analysis of NH-PHIP has indicated that the 
polarization transfer from p-H2 to the substrate is field- and time- dependent82. 
 At low fields 1H chemical shift differences are not well resolved mainly due to the 
B0 field inhomogeneity and the small frequency dispersion of the spectrum which is 
proportional to the magnetic field strength. Recently chemical-shift resolved 1H NMR 
spectra of acetic acid with  have been acquired at after the 
acetic acid sample was thermally prepolarized at 2 T.68 For B  and , 
chemical-shift resolved spectroscopy is possible when a hetero-nuclear J-coupling is 
present in the molecule68. Using portable Halbach-magnet based low-field NMR a spectral 
resolution in the sub-ppm regime has been reported67,69. 
δ 9.7 ppmΔ ≈ 0 0.98 mT≥B
 mT δ <Δ0 < 1 10 ppm
 A new method to obtain chemical-shift resolved spectra can be the direct observation 
of the long-lived coherent states with singlet-state characters in the NMR sample which 
will reduce the line width of the observed NMR signal. Long-lived states have a large 
amount of singlet characters which are not affected by dipolar interactions. The generation 
of the long-lived states can mainly be realized either by reducing the magnetic field 
strength to such an extent that the resonance frequencies of the involved spins are 
essentially the same83,84 or by removing frequency differences in the rotating frame with 
some special pulse sequences85,86. The long-lived states can also be created in para-
hydrogenated molecules after the para-hydrogenation at low magnetic field18,87,88. Until 
now the detection of the long-lived states is mainly indirect which requires the 
transformation of the long-lived states into measurable magnetization at high field. The 
long-lived proton singlet states have also been detected indirectly in the strongly coupled 
13CH3 group at the earth’s field89. There a prolonged transverse relaxation time and thus a 
narrower line in the 1H NMR spectrum could be observed for the third 1H spin due to the 
absence of the dipolar relaxations of the other two protons in a singlet state.  
 The aim of this study is to improve the low-field NMR sensitivity and spectral 
resolution by applying the PHIP technique. Feasible applications of PHIP in low-field 
NMR were investigated in two scenarios. Standard PHIP method via the hydrogenation of 
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 phenylacetylene was studied at different fields in the milli-Tesla remine. Direct 
measurements of the long-lived coherent states originated from para-hydrogenation in the 
mT regime were performed to improve the spectral resolution of low-field NMR. The B0 
field limitation for the direct applicaton of the PHIP technique was also studied. The novel 
NH-PHIP method was also investigated at these low fields.  Three different polarization 
methods including thermal prepolarization, Rb-Xe SPINOE and NH-PHIP were compared 
via the comparison of the signal-to-noise ratio (SNR) of 1H pyridine signals after the 
polarization.  
4.2 Experimental 
4.2.1 Sample preparation 
The NMR samples with phenylacetylene were prepared by dissolving 4.1 mg 
[Rh(COD)2][BF4] (COD = 1,5-cyclooctadiene), 6.5 mg R-BINAP (2,2'-
bis(diphenylphosphino)-1,1'-binaphthyl), and  about 20 μL phenylacetylene in 0.4 mL 
dichloromethane-d2.  
 The NMR samples with pyridine were prepared by keeping 
[Ir(COD)(PCy3)(py)][PF6] (PCy3 = tris-cyclohexylphosphine and py = pyridine) : pyridine 
as 1:5 (wt:wt) in methanol-d4 which was adopted from literature without further 
investigation. This 1/5 ratio of catalyst/pyridine was reported to create maximum 
enhancement by NH-PHIP at high-field NMR at the solubility limit. The ratio of pyridine 
to methanol-d4 was varied from 1:1 to 1:81920. 
4.2.2 1H NMR measurements  
A low-field NMR spectrometer operating at frequencies from 5 to 250 kHz was used for 
single-scan 1H NMR spectroscopy. A schematic diagram of the low-field NMR 
spectrometer equipped with a 10 mm glass NMR tube which was connected either to a 
Rb-Xe gas polarizer apparatus or to equipment that generates a continuous flow of para-
hydrogen (p-H2) enriched hydrogen gas is shown in Fig. 4.1. Reference experiments were 
executed with thermal prepolarization in a 2 T Halbach magnet. All NMR experiments 
were performed at room temperature. 
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Fig. 4.1 Set-up for low-field NMR spectroscopy: schematic diagram of the low-field NMR 
spectrometer with three polarization devices: (1) 2 T Halbach magnet, (2) Rb-Xe gas flow 
polarizer, and (3) gas-flow equipment to produce p-H2 enriched H2 gas. 
 
 In the PHIP experiments, a 0.4 mL NMR sample was dispensed into a 10 mm glass 
NMR tube which was connected to the parahydrogen set-up where 50% para-enriched H2 
gas was produced by passing regular H2 through activated charcoal at 77 K. The pressure 
inside the NMR tube was set to 1.2 bar, 3.5 bar, or 7 bar via a pressure gauge. After the 
sample was shaken in the applied B0 field in a continuous flow of p-H2 gas at low field to 
assure proper dissolution of fresh gas in the solution, the sample was inserted into the coil, 
and 1H NMR data were acquired after pulse excitation at a required frequency in single 
scans. Reference experiments before and after the PHIP NMR experiments were 
performed at the required B0 field with samples that had been thermally prepolarized at 2 
T. 
 For SPINOE experiments, 0.4 mL NMR sample with pyridine in methanol-d4 in a 10 
mm glass NMR tube which was connected to a Rb-Xe gas flow polarizer was immersed in 
a liquid nitrogen bath inside a 1 T Halbach magnet for 1 min to accumulate polarized Xe 
ice on top of the frozen sample. Then the liquid nitrogen bath was removed, and the 
sample was heated to room temperature inside the magnet reaching an Ostwald 
equilibrium of Xe gas at 7 bar. Finally the sample was placed into the low-field NMR 
spectrometer and single-scan 1H NMR signals were recorded. The amplitude of 1H 
SPINOE signal at 7 bar is similar to that of the thermally prepolarized signal at 2 T. The 
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 SNR was determined from the FID according to s noiseSNR = V / (2 2 × V )  where Vs is the 
peak-to-peak voltage of the FID signal, and Vnoise is the root-mean-square voltage of 
noise. 
4.3 Results and discussion 
4.3.1 PHIP enhanced 1H NMR spectroscopy 
The hydrogenation of phenylacetylene as indicated in Fig. 4.2 was used as the model 
reaction to produce PHIP enhancement at low fields. The PHIP enhanced 1H NMR 
spectroscopy was first investigated at B0 = 3.9 mT ( ). The 1H free 
induction decay (FID) of prepolarized phenylacetylene (Fig. 4.3a, left) was measured in a 
single scan at B0 = 3.9 mT. The line broadening due to the B0 field inhomogeneity 
( ) across the sample volume at 3.9 mT is about 0.16 Hz for this and subsequent 
PHIP experiments. The transverse relaxation time  could be estimated from the 
prepolarized phenylacetylene FID, and the corresponding spectrum (Fig. 3a, right) shows 
a single line with , indicating the chemical shift difference of 
 ( ) between the phenyl and methine groups is not 
resolved.  
Hν  = 166.3 kHz
 s
0 /γΔ πB
6 5 CHC H
δ - δ
2 0.35
* ≈T
ν = 1.25 HzΔ
ω = 0.75 HzΔ = 4.5 ppm
 
Fig. 4.2 Para-hydrogenation of phenylacetylene to form PHIP polarized styrene (the p-H2 
derived protons in styrene are labelled as Ha and Hb). 
 
 Chemical-shift resolved NMR spectroscopy is possible when the chemical shift 
difference  is bigger than the line width w. Thus a minimum field of Δδ 0 > / γΔδwB  is 
required to resolve two chemical shifts where γ is the gyromagnetic ratio. The line width 
at half height is determined by 2 2= 1 / ( 1 / (
*
0w ) ) /π = π + γΔT T B
2 = 2 s
*T Δδ = 1 ppm
π . Therefore, a long  
and a homogeneous B0 field are beneficial for good chemical-shift resolution. If 
 and , a minimum B0 of 21 mT is required to resolve this 1H 
chemical shift difference, but if  and , a minimum B0 of only 3.7 mT is 
required. 
2T
2 = 0.35
*T  s Δδ = 1 ppm
 51
Chapter 4. PHIP enhanced low-field NMR 
0 1 2 3 4
-1000
-500
0
500
1000
1
H
N
M
R
s
ig
n
a
l
(m
V
)
time (s)
0 1 2 3 4
-2000
-1500
-1000
-500
0
500
1000
1500
2000
1
H
N
M
R
s
ig
n
a
l
(m
V
)
time (s)
(a) thermal prepolarization at 2 T
(b) PHIP
166.365 166.370 166.375
frequency (kHz)
C CH
 = 1.25 Hz
166.365 166.370 166.375
 = 0.31 Hz
C C
Hb
Ha H
frequency (kHz)
 
Fig. 4.3 Single scan 1H NMR of the hydrogenation of 30 μL phenylacetylene in 0.4 mL 
CD2Cl2 solution at 3.9 mT. (a) 1H FID (left) and corresponding spectrum (right) of 
phenylacetylene after thermal prepolarization at 2 T. (b) 1H PHIP FID (left) and 
corresponding PHIP spectrum (right) after the hydrogenation of phenylacetylene at 3.9 
mT. 
 
 In the PHIP polarized FID from the phenylacetylene hydrogenation reaction (Fig. 
4.3b, left), could be observed. This six-fold prolongation of  is induced by the 
long-lived coherent states with singlet characters87 in PHIP polarized styrene after the 
para-hydrogenation reaction in the mT regime. This observation indicates a direct 
measurement of the long-lived states. Theoretical analysis of PHIP has been reported 
which claims the existence of unobservable long-lived nuclear spin states with pure 
singlet-state at zero magnetic field after the hydrogenation reaction18,90. At the field of 3.9 
mT, the chemical shift difference of 0.25 Hz ( ) which is small 
compared to the homo-nuclear J-coupling (≈ 12 Hz) converts a small fraction of the 
singlet state into detectable longitudinal two-spin order. Indeed the PHIP spectrum (Fig. 
4.3b, right) shows a positive and a negative peak separated by
2 2 s
* ≈T 2*T
ppm 
2
 CH CHδ - δ = 1.5 
= 0.31 HzΔν . These 
antiphase signals originate from the methine and methylene groups in styrene after the 
para-hydrogenation of phenylacetylene at 3.9 mT. The homo-nuclear J-coupling cannot be 
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 measured at this condition.  
 The amplitude of the PHIP FID (Fig. 4.3b, left) is twice as large as that of the 
prepolarized signal (Fig. 4.3a, left) from 30 μL phenylacetylene ( ), 
corresponding to a PHIP enhancement factor of 1000 with respect to the thermal 
equilibrium polarization at 3.9 mT. This enhancement factor calculation is conducted 
without the consideration of the low phenylacetylene conversion in the hydrogenation 
reaction due to the small H2 gas solubility in the solution. The H2 gas concentration in 
dichloromethane at 7 bar gas pressure is calculated to be 9.  using Henry’s 
law constant of 537 MPa at room temperature91 which is two orders of magnitude smaller 
than the phenylacetylene concentration. Based on this H2 gas concentration, we can safely 
expect that the measurement of a small amount of substrate ( ) is possible in a 
single scan by PHIP method. 
20 34.1×10 / cm
3m182 ×10 / c
18 310 / cm
 Simulated 1H FIDs of the two protons (a and b) from a para-hydrogen molecule after 
the para-hydrogenation of phenylacetylene at 3.9 mT (JH-H = 12 Hz, ∆δa-b = 0.3 Hz and T2 
= 2 s) are shown in Fig. 4.4. These simulated 1H NMR signals originate from two terms: 
The longitudinal Zeeman polarization ( aZ +
b
ZI I ) (Fig. 4.4a) and the longitudinal two-spin 
order ( a bZ ZI I ) (Fig. 4.4c). The simulated data are in good agreement with the experimental 
data which were measured with the thermal prepolarization method and the PHIP method 
except the shorter times in the measured FIDs due to the field inhomogeneity 
comparing to the preset T2. Further technological improvements of the field homogeneity 
will allow the measurements of 1H FIDs with larger values. Moreover, compared to the 
1H FIDs from the longitudinal Zeeman polarization in the simulated data and in the 
experimental data with the thermal prepolarization method, the 1H FIDs from the 
longitudinal two-spin order in the simulated and PHIP experimental results show different 
patterns owing to the special alignments of a and b spins. 
2
*T
2
*T
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Fig. 4.4 1H NMR of phenylacetylene hydrogenation reaction at 3.9 mT. Simulated 1H 
FIDs of the two protons in a p-H2 after the para-hydrogenation from (a) a longitudinal 
Zeeman polarization ( aZ +
b
ZI I ), and (c) a longitudinal two-spin order (
a b
Z ZI I ). Single-scan 
1H FIDs measured with (b) the thermal prepolarization method and (d) the PHIP method. 
 
 Figure 4.5 shows single-scan 1H FIDs from the phenylacetylene hydrogenation 
reaction with the thermal prepolarization method and the PHIP method at 3.9 mT after 
some improvements of the field inhomogeinity. In the 1H FID of the thermally 
prepolarized phenylacetylene 2 1 s
* ≈T
3 s
could be observed. Besides the thermal 
prepolarization method, the PHIP method was also applied which could not only enhance 
the signal, but also improve the spectral resolution by the direct observation of long-lived 
coherent states with singlet characters. In the 1H FID of the para-hydrogenation of 
phenylacetylene at 3.9 mT  could be observed after 45° pulse excitation. 2
* ≈T
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Fig. 4.5. Single-scan 1H NMR of the hydrogenation of 15 μL pheneyacetylene in 0.4 mL 
CD2Cl2 solution at 3.9 mT after some improvements of the field inhomogeneity. (a) 1H 
FID of phenylacetylene after thermal prepolarization at 2 T. (b) 1H PHIP FID after the 
para-hydrogenation of phenylacetylene at 3.9 mT. 
 
 For B0 < 3.9 mT, a smaller signal with even more singlet character and longer  is 
expected. This is confirmed by the experimental PHIP data (Fig. 4.6 and 4.7) from the 
hydrogenation of 20 μL phenylacetylene at 0.98 mT (
2T
Hν  = 40.8 kHz ) and 0.5 mT 
( ). Hν  = 20.8 kHz
 The thermally prepolarized phenylacetylene FID shows  at 0.98 mT (Fig. 
4.6a, left). The corresponding spectrum (Fig. 4.6a, right) shows a single line with 
, and the chemical shift difference ( ) is not resolved. In 
this experiment,  is due to the slow external field fluctuations 
during the FID. In the PHIP FID (Fig. 4.6b, left)  could be observed after the 
hydrogenation of phenylacetylene at 0.98 mT. The measured line width of w = 0.13 Hz is 
about three times larger than the calculated w = due to the field 
fluctuations. The antiphase signals originating from the para-hydrogenation of 
phenylacetylene at 0.98 mT can still be resolved. Like in Figure 4.3b, we can assign the 
positive and negative peaks in the PHIP spectrum (Fig. 4.6b, right) to the methine and 
methylene groups in styrene. The amplitude of the PHIP FID from the hydrogenation of 
20 μL phenylacetylene at 0.98 mT (Fig. 4.6b, left) is twice as large as that of the 
prepolarized signal (Fig. 4.6a, left), corresponding to a PHIP enhancement factor of 4080 
with respect to the thermal equilibrium polarization at 0.98 mT. 
2 1.5 sT ≈*
.5 ppm
= 0.04 Hz
= 0.55 Hz
w
 
2
 CHCHδ - δ = 1
2 7.5 sT ≈*
21 / (π )
*T
2w > 1 / (π ) = 0.21 Hz
*T
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Fig. 4.6 Single-scan 1H NMR of the hydrogenation of 20 μL phenylacetylene in 0.4 mL 
CD2Cl2 solution at 0.98 mT. (a) 1H FID (left) and corresponding spectrum (right) of 
phenylacetylene after thermal prepolarization at 2 T. (b) 1H PHIP FID (left) and 
corresponding PHIP spectrum (right) after the hydrogenation of phenylacetylene at 0.98 
mT.  
 
 PHIP experiments were also performed at 0.5 mT. A signal measured by the thermal 
prepolarization method at 0.5 mT (Fig. 4.7a) is similar in amplitude to that measured at 
0.98 mT (Fig. 4.6a), indicating that a similar amount of phenylacetylene was used for this 
and the subsequent PHIP experiments. The amplitude of the PHIP signal measured at 0.5 
mT (Fig. 4.7b) is five times smaller than that at 0.98 mT (Fig. 4.6b, left) due to the fact 
that there is more singlet character in the sample at a lower magnetic field and thus a 
smaller signal is detected. These results indicate a minimum value of B0 around 0.25 mT 
where the PHIP technique can be directly applied to improve the sensitivity and the 
spectral resolution of low-field NMR. At fields lower than this it is difficult to measure 
the PHIP signal due to the singlet state created by the hydrogenation. Two methods might 
be possible to solve this problem: (1) The hydrogenation reaction takes place in a higher 
field first, and then the sample should be adiabatically transferred into the low detection 
field following with an immediate RF excitation, (2) An extra evolution of the sample in a 
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 higher field before the RF excitation is needed. The second method can be easily realized 
at the present earth field NMR spectrometer33,72 where a polarization field of several mT 
could be generated by an electromagnet.  
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Fig. 4.7. Single-scan 1H NMR of the hydrogenation of 20 μL pheneyacetylene in 0.4 mL 
CD2Cl2 solution at 0.5 mT. (a) 1H FID (left) of phenylacetylene after thermal 
prepolarization at 2 T. (b) 1H PHIP FID (left) after the hydrogenation of phenylacetylene 
at 0.98 mT. 
 
 It has been demonstrated that PHIP is not only an efficient method to increase the 
sensitivity at low field, but also a special technique to improve the spectral resolution 
which cannot be achieved by other established hyperpolarization techniques, i.e., DNP 
and SPINOE. Experimental results show that PHIP enhanced NMR produces 1H signal 
enhancements which would be achieved using thermal prepolarization in a 4 T field. We 
safely can predict that a trace amount of a substrate (~ ) will produce a 1H 
PHIP signal similar in amplitude to the signal from a substrate with an amount around 
 by the thermal prepolarization method at 4 T. Chemical-shift resolved 1H 
NMR spectra of styrene have been acquired at 3.9 and 0.98 mT by PHIP due to the long-
living singlet character in the sample. The field limitation for the direct application of the 
PHIP technique in NMR has been demonstrated to be around 0.25 mT. It is likely that the 
PHIP technique can be applied in the earth’s field ( ) or at much lower field with 
a very long 1H T2 relaxation time.  
18 39 ×10 / cm
0  T5−
20 34 ×10 / cm
5×1
4.3.2 NH-PHIP enhanced 1H NMR spectroscopy 
NH-PHIP using pyridine as the substrate and [Ir(H)2(PCy3)(py) 3][PF6] as the metal 
template was investigated to increase the low-field NMR sensitivity. Reference 
experiments were performed at the applied B0 field in a single scan with pyridine 
thermally prepolarized at 2 T. It has been demonstrated that the polarization transfer from 
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p-H2 to pyridine in NH-PHIP is field-dependent82. This is confirmed by the experimental 
data in Fig. 4.8 where a comparison of the mixing field for NH-PHIP is presented. NH-
PHIP at 3.9 mT produces a much larger signal than that at 0.98 mT. Moreover, unlike the 
PHIP experiments, no prolonged transverse relaxation time in NH-PHIP experiments was 
observed.  
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Fig 4.8 Comparison of NMR with NH-PHIP enhancement and thermal prepolarization. 
Single-scan 1H FIDs of (a) prepolarized pyridine at 0.98 mT, (b) NH-PHIP hyperpolarized 
pyridine at 0.98 mT, (c) prepolarized pyridine at 3.9 mT and (d) hyperpolarized pyridine 
at 3.9 mT. 
 
 1H FIDs and corresponding spectra of NH-PHIP hyperpolarized pyridine at different 
concentrations (Fig. 4.9, right) are compared to reference data acquired with thermally 
prepolarized pyridine (Fig. 4.9, left). 4.9 μL pyridine can be detected in a single scan after 
prepolarization (Fig. 4.9c). Surprisingly, a signal similar in amplitude can be obtained 
with as little as 4.9 nL NH-PHIP polarized pyridine (Fig. 4.9f). The limit of detection 
(LOD) of our equipment where signal-to-noise ratio SNR = 1 is estimated to be about 1 
μL with thermally prepolarized pyridine and about 1 nL with NH-PHIP hyperpolarized 
pyridine. Therefore, the LOD of the NH-PHIP method is about 1000 times smaller than 
that of the thermal prepolarization method using a 2 T Halbach magnet. Compared to the 
conventional high-field (10 T) NMR, our single-scan low-field NMR spectroscopy 
presents comparable SNR. This is mainly because the loss of the SNR due to the Faraday 
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 induction term which is proportional to B0 is compensated by the more sensitive receiver 
coil in the low-field NMR, the narrower bandwidth at low field, and the large polarization 
induced by NH-PHIP compensate. 
 
NH-PHIP
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Fig. 4.9 Comparison of NMR with NH-PHIP enhancement and thermal prepolarization. 
Single-scan 1H FIDs after 90 ° pulse excitation and corresponding spectra (inset) of 
prepolarized pyridine (left) and NH-PHIP polarized pyridine (right) in 0.4 mL methanol-
d4 solutions containing pyridine in amounts of (a) and (b) 0.2 mL, (c) and (d) 4.9 μL, (e) 
156.2 nL and (f) 4.9 nL. All spectra are plotted on the same vertical scale. The spectra in 
(c), in (e) and in (f) have been magnified 10 times. The chemical shift differences in 
pyridine (~ 1 ppm) are not resolved in these experiments. 
 
 The experimental results (Fig. 4.9) at 3.9 mT show that the small 1H chemical shift 
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differences ( 1 ppm) in pyridine are not resolved due to the inhomogeneity of the field (a 
few ppm/cm3). But the chemical-shift-resolved 1H NMR spectrum of acetic acid 
( ) at this B0 field has been reported68. For smaller chemical shift differences 
(methanol, ethanol), if a hetero-nuclear J-coupling exists in the sample, the chemical shift 
could also be measured68. Further technological improvements considering the 
homogeneity and temporal stability of the B0 field will lead to a spectral resolution in the 
sub-ppm regime. 
≤
δ 10 ppm≈
 In Fig. 4.9, the thermally prepolarized pyridine signal decreases with decreasing 
pyridine amount, whereas the NH-PHIP hyperpolarized pyridine in dense solution 
(containing 0.2 mL pyridine) produces smaller signal than that in dilute solution 
(containing 4.9 μL pyridine). In order to understand this intriguing behavior we measured 
the dependence of the SNR on the pyridine concentration [py] over five orders of 
magnitude. 
 Figure 4.10 presents a comparison of SNR in 1H NMR experiments with pyridine 
after three different polarization methods: (1) thermal prepolarization at 2 T, (2) Rb-Xe 
SPINOE and (3) NH-PHIP. The SNR in the thermal prepolarization experiment is 
proportional to the magnetization in Boltzmann equilibrium at the polarization field which 
depends on the number density NH of protons in the solution, the external magnetic field, 
and the temperature. Because the external magnetic field for the prepolarization is 2 T and 
the experiments were operated at room temperature, the SNR depends linearly on the 
pyridine concentration which is confirmed by the experimental results in Fig. 4.10, where 
the measured SNR values in thermally prepolarized experiments are well fitted by a linear 
function of pyridine volume.  
 In SPINOE experiments, HSNR N∝ ε ⋅ can be expected where ε is the enhancement 
factor defined as: Xe Hγ σ= - × ×
γ ρ S
1
-Xe
H H
0
0
S - S
ε (γXe: gyromagnetic ratio of Xe, γH: gyromagnetic 
ratio of protons, σH-Xe: Xe-H cross-relaxation rate, : autorelaxation rate, S: 
enhanced Xe nuclear magnetization, and S0: Xe magnetization at Boltzmann equilibrium). 
In the short correlation limit ω0 τc << 1 (ω0: Larmor frequency, and τc: correlation time of 
the Xe-H dipole-dipole interaction), ε ∝ 1/B0 is valid81. Hence, the SNR of the SPINOE 
experiment is proportional to the pyridine concentration which is in good agreement with 
the experimental results in Fig. 4.10. The measured SNR values are well fitted by a linear 
function of pyridine volume. 
H
Hρ = 1 / T
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Fig. 4.10 Comparison of SNR in 1H NMR spectroscopy with pyridine following three 
polarization methods: (1) Thermal prepolarization at 2 T (●), (2) Rb-Xe SPINOE (■), and 
(3) NH-PHIP (▼, ♦ and ○). Double logarithmic plot of the SNR versus the pyridine 
volume in 0.4 mL methanol-d4 solution. The SNR data of the pyridine signal with 
methods 1 (●) and 2 (■) are fitted by a linear function of the pyridine volume. The NH-
PHIP experiments were performed at three different p-H2 gas pressures: 7 bar (▼), 3.5 bar 
(♦) and 1.2 bar (○). The dashed lines separate the NH-PHIP experiments into three 
regions. In region I (4 nL – 40 nL), the SNR increases linearly with increasing [py]. In 
region II (900 nL – 36000 nL), the SNR is constant independent of [py]. In region III 
(36000 nL – 400000 nL), the SNR decreases with increasing [py]. The arrows indicate 
where [py] = [p-H2] at the given p-H2 gas pressures. 
 
 The LOD of 1H NMR spectroscopy at 3.9 mT with the help of thermal 
prepolarization and NH-PHIP enhancement can be extrapolated to be 1 μL. Interestingly, 
the SNR in NH-PHIP experiments depends on [py] (Fig. 4.10) in a way completely 
different from the SNR following methods 1 or 2. We divide the concentration regime of 
pyridine into three regions (Fig. 4.10): Region I is dominated by [py], region II is 
dominated by the concentration of p-H2 gas in the methanol-d4 solution ([p-H2]), and 
region III is dominated by [p-H2] and 1H T1-relaxation rates. The value of [p-H2] is 
calculated using Henry’s law constant of 620 MPa in methanol at room temperature92. In 
our experiments at 7 bar p-H2 gas pressure, [p-H2] = . The three arrows in 
Fig. 4.10 point to where [py] = [p-H2] at the given p-H2 gas pressures above the solution. 
19 31.7×10 / cm
 NH-PHIP is realized by transferring the polarization from p-H2 to pyridine when 
pyridine and p-H2 molecules are both temporarily bounded to a metal template which 
 61
Chapter 4. PHIP enhanced low-field NMR 
forms the p-H2 derived hydride ligand. Therefore the enhancement in the NH-PHIP 
experiment is determined by the 1H T1-relaxation rate of pyridine and the polarization 
transfer rate Rp (the number of polarized pyridine per second in the solution). Rp is 
influenced by the formation rate of the p-H2 derived hydride ligand which depends on 
[py], [p-H2], and the metal template concentration [M]. Furthermore, simultaneous 
association of pyridine and p-H2 molecules on the metal template is required to form the 
hydride ligand. Because of the catalytic properties of the metal template and the transient 
nature of the temporary association, Rp is determined by the smaller value of [py] and [p-
H2].  
 A standard NMR sample usually has a substrate/solvent volume ratio from 1/10 to 
1/1000. Samples in this concentration range were measured at low field, and the SNR 
results are shown in region II in Fig. 4.10. In region II [py] is about 
 and [py] > [p-H2]. The SNR is constant and does not depend on 
[py]. This is only possible when the 1H T1-relaxation rate of pyridine and Rp are constant. 
In region II (and also in region I) the pyridine solution is so dilute that intramolecular 
relaxation mechanisms dominate, resulting in a constant 1H T1-relaxation rate of pyridine. 
Because [py] > [p-H2], Rp is proportional only to [p-H2]. This is confirmed by 
experimental data in Fig. 4.10 which show that at 7 bar p-H2 gas pressure, the SNR is 
twice larger than that at 3.5 bar and six times larger than that at 1.2 bar. 
19 20 31.8×10 - 6.6×10 / cm
 At the point where [py] = [p-H2] (see the arrows in Fig. 4.10), region II is left and 
region I is entered through a transition regime. As in region I [py] < [p-H2], Rp should be 
proportional to [py]. Because pyridine has a constant 1H T1-relaxation rate, the SNR is 
expected to be proportional to [py], which is experimentally confirmed in Fig. 4.10. The 
similar SNR of NH-PHIP experiments at three different p-H2 gas pressures with pyridine 
less than 20 nL in the solution further confirm the independence of [p-H2]. From region I 
we can extrapolate the LOD of the NH-PHIP with pyridine to be 1 nL ( ). 16 31.8×10 / cm
 In region III where [py] > [p-H2], the SNR decreases with increasing [py]. Although 
Rp is assumed constant at a given [p-H2], the 1H T1-relaxation rate of pyridine is not 
constant anymore and increases with [py] and [M]. This is due to the strong 
intermolecular interactions and the increased viscosity of the solution at high [py] and 
[M]. The linear dependence of the SNR on [p-H2] is observed at three different p-H2 gas 
pressures in Fig. 4.10 due to the fact that p 2[ H ] ∝R p - . This linear dependence is further 
confirmed by the experimental results of NH-PHIP experiments using NMR samples with 
pyridine concentration of 1.24 M at different p-H2 gas pressures in Fig. 4.11.  
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Fig. 4.11 Dependence of the SNR on the hydrogen amount in NMR experiments using 
pyridine as the substrate at the concentration of 1.24 M with NH-PHIP enhancement.  
 
 The NH-PHIP method favors the detection of pyridine at concentrations over almost 
six orders of magnitude. This large gain in sensitivity represents a large potential for trace 
analysis. On the basis of the reported works16,93 and our own experiences, analytes 
containing nitrogen, oxygen, or sulfur atom in the aromatic ring, such as caffeine, 
nicotine, pyrrol, thiophene, furan, and their derivatives, could be NH-PHIP polarized. This 
selectivity of the NH-PHIP method for a certain class of substrates out of a complex 
mixture opens up the potential for biological and chemical applications, such as blood 
analysis and drug detection. The selectivity of the NH-PHIP method could be extended in 
the future by the development of other specific catalytic systems.  
4.3 Conclusions 
This work states the feasibility and establishes the application of PHIP hyperpolarization 
in mobile NMR. It has been demonstrated that PHIP is not only an efficient method to 
increase the sensitivity at low field, but also a special technique to improve the spectral 
resolution which cannot be achieved by other established hyperpolarization techniques, 
i.e., DNP and SPINOE. Significantly prolonged  due to the long-lived coherent states 
with singlet characters in the polarized sample has been observed by low-field NMR. 
Chemical-shift resolved 1H PHIP-NMR spectra of styrene have been demonstrated at 3.9 
and 0.98 mT with PHIP due to the long living singlet character in the sample. The lower 
limit of the magnetic field for the direct application of the PHIP technique has been 
demonstrated to be around 0.25 mT. It is likely that the PHIP technique can be applied in 
the earth’s field ( ) and in much lower field with a very long 1H T2 relaxation 
time.  
2T
5×10  T5−
 Trace amount of pyridine (~ 1 nL or 12 nmol) in 0.4 mL NMR sample (a 
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concentration of 31 μM or ~ ), which could not be detected via either the 
SPINOE method or the thermal prepolarization method at 2 T, could be measured in a 
single scan by the NH-PHIP method.  
16 31×10 / cm
 Taken together, both PHIP phenomena open up a hitherto unknown potential for 
trace analysis by low-field NMR in the bio-, chemical, and material sciences. Motivated 
by its unprecedented sensitivity, the NH-PHIP method can be combined with low-field 
NMR spectroscopy and find application for trace analysis in the bio-, chemical, and 
material sciences. Time-resolved low-field NMR measurements of rare spins such as 13C 
and 15N can also be foreseen. It is reasonable to expect that the SNR of NH-PHIP 
enhanced low-field NMR spectroscopy can be improved further and the principle of NH-
PHIP be extended to a broad range of other systems. 100% p-H2 gas could be adopted to 
improve the NH-PHIP polarization and thus reduce the LOD to picoliter levels. The use of 
more sensitive detection methods, such as atomic magnetometers, SQUIDs, and optical 
detection methods could further lower the LOD to the femtoliter regime. 
 
 
 
 
 
 
 
 
 
 5   Micromixer performances monitored by mobile NMR 
5.1 Introduction 
Microfluidic devices have gained great interest during the past decade in the fields of 
chemical engineering, biology, pharmaceutical science, and analytical chemistry. The 
applications of these miniaturized systems for chemical processing have been reported in 
crystallization, extraction, polymerization and organic synthesis94-96. In clinical and 
biological studies, microfluidic systems have been applied for the identification of 
biochemical products, diagnosis, drug discovery, and investigation of disease 
symptoms95,97. Such miniaturized systems have many advantages. First they have small 
internal volumes, which is particularly useful for handling hazardous chemical reactions 
as well as rare, precious samples on a small scale in chemical and biological analysis. 
Moreover, they possess high surface-to-volume ratios and exhibit superior mixing and 
heat transfer properties. Their small characteristic lengths are suitable for fast 
homogenization of the reaction medium by molecular diffusion. Thus, these microfluidic 
systems enable one to carry out fast, exothermic and diffusion-controlled reactions. 
Finally, integration of functional elements, like mixers and heaters or components for the 
real-time in-situ analysis of reaction intermediates and products, has become possible. 
Therefore, sample preparation, analysis, and detection have the potential to be carried out 
in a single automated step. 
 Micromixing is a crucial step to initiate and optimise fast reactions in microfluidic 
systems. Microflow mixing is typically done in the laminar regime because of the low 
Reynolds number involved98. Based on the energy input, the micromixers can be 
categorized as active or passive micromixers. The active micromixers use external energy 
sources such as mechanical stirrers and valves, piezoelectric vibrating membranes, 
ultrasound, or acoustic elements, while the passive micromixers use flow energy induced 
by pumping or hydrostatic potential98,99. Typical microstructure designs employed for 
passive mixing are mainly the T- and Y-flow configurations, interdigital-flow distribution 
structures, and flow division and recombination structures for Split- And -Recombine 
(SAR)-type mixing. 
 In order to optimize the design and operation of the micromixers, the mixing 
performance has to be analysed. Many attempts have been made to observe and 
characterize mixing performance in microfluidic systems. The simplest method to judge 
the mixing efficiency is the flow visualisation with the aid of photo-, video- or high-speed 
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camera techniques. This direct visualisation is possible in two types of experiments 
known as dilution-type experiments and reaction-type experiments where there is a strong 
colour contrast between the two mixed fluids or a formation of coloured species after the 
mixing of the two fluids99.  
 A widely used method for the flow and concentration mapping is optical detection, 
which includes fluorescence microscopy, IR and Raman spectroscopy, and UV-vis 
microscopy95,99-101. The flow visualisation via optical techniques is realized by tracking a 
tracer or optically active label in solution. Despite of many achievements with optical 
techniques, there remain some serious limitations. For example, with laser induced 
fluorescence, fluorescent molecules or analytes that can be made fluorescent are required. 
Unfortunately, most biomolecules and chemical compounds do not conform to this 
stringent requirement. Moreover, optically active tracers which are needed to visualise the 
fluid flow path might alter the hydrodynamic properties at these small dimensions. The 
most notable restriction of optical methods is the need for systems that have been 
fabricated and sealed with optically transparent material. Besides, optical techniques are 
also often limited to the type of the device geometry that can be studied.  
 Recently, NMR has been explored as a robust and non-invasive tool for the study of 
microscale systems. NMR imaging has also been demonstrated to perform in-situ 
concentration and flow mapping of a microfluidic device94,102-105. NMR imaging provides 
an opportunity for non-invasively visualising mixing processes in optically opaque 
systems without geometric restrictions. Spatial resolution in NMR imaging can be 
obtained in three dimensions. Consequently, it is not necessary to average measurements 
over the microchannnel depth. However, the sensitivity of NMR is noticeably poor in 
microfluidic devices due the small-scale structures. The induced magnetic field 
inhomogeneities in microfluidic devices also produce problems in visualising the mixing 
performance.  Several methods have been developed to deal with the ultra-small-sample, 
such as miniaturized RF coils94,105, to obtain NMR spectroscopic information about the 
substances. Direct detection as used in conventional NMR is normally applied in 
visualising the mixing performance where the excitation and detection of the nuclear spins 
were executed by using the same RF coil. Another approach to determine the mixing 
performance of a microfluidic device by NMR is remote detection which takes advantage 
of the flow inherent in the microfluidic devices. In the NMR imaging experiments with 
remote detection, spatial information is first encoded into fluid spins by a large RF coil 
around the micro-apparatus, then the spin coherences are stored in the longitudinal 
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 magnetization, and finally the spins are detected by an ultra-sensitive microcoil at the 
output of the micro-apparatus with high homogeneity and sensitivity. By decoupling the 
excitation and detection of NMR experiments, it is possible to obtain high sensitivity 
across the entire microfluidic device irrespective of the coil filling factor.  
 All present NMR monitoring of the mixing performance of a micro-apparatus have 
been demonstrated at high magnetic fields which require the setup of the microfluidic 
system close to the superconducting magnet. If toxic volatile or inflammable fluids or 
supercritical fluids are used, the application of high-field NMR on the microfluidic system 
is prevented due to the security concern that this kind of systems should be placed under 
ventilation or in a pressure secured laboratory. Moreover, some commercial microfluidic 
devices are made of stainless steel to sustain high pressure. This material is magnetic and 
cannot be placed too close to the superconducting magnet. It is difficult to operate direct 
detection on this kind of micro-apparatus. But it is still possible to perform the in-situ 
NMR measurements at high field via the direct detection at the output far away (~0.5-1 m, 
the distance between the middle and the edge of a high field NMR spectrometer) from the 
mixing chamber. This long-distance direct detection sometimes might have problems in 
revealing the exact mixing performance of a micromixer106,107. Another method to 
characterize the mixing performance of this kind of micro-apparatus could be remote 
detection. A prerequisite for the application of the remote detection technique is that the 
spin-lattice relaxation times T1 of the fluids should be longer than the flow time of the 
fluids from the excitation coil to the detection coil. Thus, the remote detection technique 
will have some limitations in slow-flow systems. 
 Low-field NMR can overcome some problems of high-field NMR because of the 
small size and portability of the low-field NMR machine. For example, the low-field 
NMR device could be brought into a chemistry laboratory when special and dangerous 
mixing processes or reactions take place in a micro-apparatus. If remote detection was 
applied in low-field NMR, the excitation and detection might even be possible to be 
operated separately in two small magnets to satisfy each section’s requirements. Recently, 
it has been demonstrated that high-resolution NMR spectroscopy, NMR imaging and flow 
imaging are possible with the NMR-MOUSE or Halbach-magnet based low-field 
NMR65,67,69,73,74. The NMR-MOUSE is equipped with a planar RF coil which could be 
suitable for the direct detection of a lab-on-a-chip system, while for the Halbach-magnet 
based low-field NMR, a solenoid coil is normally used which could be appropriate for the 
detection at the output of a microfluidic system.  
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 In this chapter the mixing performance of an interdigital micromixer made of 
stainless steel was investigated using Halbach-magnet based low-field NMR. Both 
miscible and immiscible systems have been studied. The limit of detection (LOD) and the 
limit of the quantification (LOQ) of this low-field NMR with the micromixer are tested. 
The influence of the mixing conditions including feeding ratios and flow rates was 
investigated. Concentration profiles of the immiscible system were measured to determine 
the plug size of the plug flow at the output of the micromixer.  
5.2 Experimental 
The interdigital micromixer (comb-type mixer, No: 0101) was obtained from Ehrfeld 
Mikrotechnik BTS (Wendelsheim, Germany). This mixer is based on the multilamination 
principle where an interdigital arrangement of microchannels is applied so that alternate 
lamellae configuration is generated. The feeding structures of this mixer consist of 
countercurrent flow in an interdigital array of microchannels. A photo and a schematic 
diagram of this mixer are shown in Fig. 5.1. The width of the microchannel is 70 μm. On 
top of the microchannels an aperture plate is fixed with a slit perpendicular to the channels 
of the interdigital structure which allows passage of the streams only in the region where 
the slits for both fluids are overlapping to ensure a defined mixing configuration. 
 
Fig. 5.1 (a) Photo of the interdigital micromixer. (b) Schematic principle of the mixer107. 
 
 The mixer was connected to two Pharmacia P-500 pumps via PEEK tubing. A PEEK 
tube with an inner diameter of 1 mm connected to the output of the mixer was placed in a 
solenoid coil (1.6 mm inner diameter for the higher coil filling factor) at the center of a 
Halbach magnet. The experimental setup is shown in Fig. 5.2. This Halbach magnet 
generates a homogeneous magnetic field at the center with a magnetic strength of 0.61 T 
(νH = 26 MHz). The Halbach magnet array has already been optimised to provide sub-ppm 
spectral resolution. All experiments were performed at room temperature.  
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Fig. 5.2 Photograph of the experimental setup. 
 
 Water/acetone as the miscible system was investigated at different feeding ratios 
with different flow rates by high-resolution NMR spectroscopy, while water/chloroform 
as the immiscible system was studied by NMR imaging. The influence of the feeding ratio 
and flow rates on the mixing performance was studied. Concentration profiles of the plug 
flow at the output of the mixer were measured either by the spin echo imaging method or 
by the rapid acquisition with relaxation enhancement (RARE)64 method. Quantitative 
analysis of the plug size in the plug flow was performed based on the strong signal 
intensity contrast between water and chloroform in the concentration profiles.  
5.3 Results and discussion 
5.3.1 Miscible system studied by NMR spectroscopy 
Water/acetone as an example of a miscible system was studied by 1H NMR spectroscopy. 
Before the investigations of the mixing performance by low-field NMR with a 
micromixer, T1 relaxation times of water and acetone were measured. Water has T1 about 
2.5 s and acetone has T1 about 3.5 s. These T1 relaxation times will determine the flow 
rate limit for reliable quantification analysis of the mixing processes in a micromixer. 
Usually a time of 3-5T1 is required to build up the longitudinal polarization of the fluid 
spins in the applied magnetic field108. As a result, a maximum flow rate of 10 mL/h can be 
assumed for reliable quantification analysis. Beyond this flow rate limit, the uncertainty in 
the quantification analysis can become higher. The flow rate influence on the 
determination of the acetone concentration in the mixing processes was investigated in 
detail in the subsequent experiments with an interdigital micromixer.  
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 In order to assure feasible applications of 1H low-field NMR spectroscopy with a 
micromixer, the premixed water/acetone solutions were first investigated. These 
water/acetone solutions were prepared with different mixing ratios ranging from 1/5 to 
5/1, and their 1H NMR spectra (Fig. 5.3) were detected in single scans at the output of an 
interdigital micromixer at flow rates not higher than 6 mL/h. In this flow rate range, 1H 
spins of water and acetone can be completely prepolarized in the applied B0 field, meaning 
no T1 effect on the concentration determination from 1H NMR spectra.  
10 5 0
1/5 water/acetone
chemical shift (ppm)
water
acetone
10 5 0
1/3 water/acetone
chemical shift (ppm)
water
acetone
10 5 0
1/2 water/acetone
chemical shift (ppm)
water
acetone
10 5 0
chemical shift (ppm)
water
acetone
1/1 water/acetone
10 5 0
3/1 water/acetone
water
water
acetone
10 5 0
5/1 water/acetone
chemical shift (ppm)
water
acetone
(a) (b)
(c) (d)
(e) (f)
 
Fig. 5.3 Single-scan 1H NMR spectra detected in a PEEK capillary (i.d. 1 mm) at the 
output of an interdigital mixer using premixed water/acetone solutions with mixing ratios 
of (a) 1/5 at flow rates of 6 mL/h, (b) 1/3 at flow rates of 4 mL/h, (c) 1/2 at flow rates of 3 
mL/h, (d) 1/1 at flow rates of 2 mL/h, (e) 3/1 at flow rates of 4 mL/h, and (f) 5/1 at flow 
rates of 6 mL/h. 
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  Although the signal-to-noise ratios (SNRs) of the 1H NMR spectra from the 
premixed solutions in a micromixer (Fig. 5.3) are not high, single-scan experiments 
without signal accumulations were conducted in order to obtain in-line information about 
the mixing performance of the micromixer. The chemical shift difference of 
between water and acetone is well resolved in the spectra (Fig. 5.3). 
Because 1H NMR signal intensity depends on the proton spin number density of the 
sample, in the subsequent discussions, 1H spin fraction (HSF) of acetone in the mixed 
solution was used to demonstrate the acetone concentration. By comparing the acetone 
signal to the water signal in the 1H NMR spectra of the mixed solutions, acetone HSF 
concentrations could be obtained. An acetone HSF of 0.42 could be determined from the 
spectrum in Fig. 5.3d, corresponding to an actual mixing ration of 1/0.98 in the premixed 
solution. This determined mixing ratio is in good agreement with the preset 1/1 mixing 
ratio, indicating the applicability of 1H low-field NMR spectroscopy for quantitative in-
line analysis of fluids mixed in the micromixer.  
2 3 6
 H O C H Oδ - δ = 2.7 ppm
 After comparing all the spectra in Fig. 5.3, the limit of detection (LOD) of this low-
field NMR setup could be obtained. The spectrum from the 1/5 premixed solution in Fig. 
5.3a shows a really small water signal, indicating that this water concentration is close to 
the LOD. The acetone HSF of this solution was calculated to be 0.69, corresponding to a 
mixing ratio of 1/3.06 which is far away from the preset 1/5 mixing ratio. The uncertainty 
in determining the acetone HSF in this experiment is about 13% because the always 
existing spectrometer noise now has a bigger portion in the small water signal, leading to 
a really low SNR of the water signal and thus a big deviation in the quantification 
analysis. If an uncertainty about 10% is tolerable in determining the acetone concentration 
at the output of the micromixer, the acetone concentration in this 1/5 premixed solution is 
the limit of quantification (LOQ). The other LOD could be observed in Fig. 5.3f where an 
extremely small acetone signal could be observed in the spectrum from the 5/1 
water/acetone premixed solution. An acetone HSF of 0.18 could be evaluated which 
corresponds to a mixing ratio of 3.35/1. After comparing the determined acetone 
concentration to the assumed acetone HSF value of 0.13 from the preset 5/1 mixing ratio, 
an uncertainty about 30% is shown, indicating that the acetone concentration in this 5/1 
premixed solution is beyond the LOQ. 
 In order to determine the other LOQ of this low-field NMR setup, other premixed 
water/acetone solutions with volume ratios of 3/1, 1/2 and 1/3 were investigated. From the 
spectrum of the 3/1 premixed solution in Fig. 5.3e, an acetone HSF of 0.22 could be 
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determined which indicates an actual mixing ratio of 2.61/1. After comparing this 
experimental data to the assumed acetone HSF of 0.20 in the 3/1 premixed solution, an 
uncertainty about 10% is present in the quantification analysis of this mixing process with 
the interdigital micromixer. Given a tolerable uncertainty about 10%, the acetone 
concentration in the 3/1 premixed water/acetone solution is the other LOQ of the low-field 
NMR setup.  
 In order to verify the determined LOQ, premixed water/acetone solutions with 
mixing ratios of 1/2 and 1/3 were investigated. Quantification analysis at the output of the 
mixer using the 1/2 premixed solution was performed, and its 1H NMR spectrum is shown 
in Fig. 5.3c. By comparing the acetone signal to the water signal in the spectrum, an 
acetone HSF concentration of 0.57 could be obtained which corresponds to an actual 
mixing ratio of 1/1.73 in the premixed water/acetone system. The assumed acetone HSF 
was 0.60 calculated from the preset 1/2 mixing ratio, indicating an experimental 
uncertainty about 5% which could mainly arise from the deviation in the sample 
preparation where the mixing heat could cause some evaporation of acetone. This problem 
can be overcome by the use of a micromixer where there are high surface-to-volume ratios 
and fast heat transfer. The 1/3 premixed water/acetone solution was also analyzed. Its 
single-scan 1H NMR spectrum is shown in Fig. 5.3b. An acetone HSF was evaluated to be 
0.64 from the spectrum, corresponding to a mixing ratio of 1/2.42. The uncertainty of this 
experiment is about 7%, meaning that the acetone concentration in this premixed solution 
is close to the LOQ if a 10% uncertainty is the limit.  
 The spectroscopic investigations suggest that miscible systems in a micromixer with 
HSF concentrations in the range of 0.15-0.85 can be characterized by 1H low-NMR 
spectroscopy without any problem, and the systems with HSF values in the range of 0.20-
0.80 can be quantified by this low-field NMR setup with uncertainties below 10%.  
 On the basis of these spectroscopic studies a primary impression about the 
applicability of the low-field NMR to micromixer systems could be obtained by knowing 
the LOQ and LOD. In the following experiments, the flow rate influence on the 
determination of the acetone concentration at the output of the mixer was investigated 
using different premixed water/acetone solutions. By scaling the water and acetone signals 
in the NMR spectra, the acetone HSF concentrations were obtained, and the data are 
plotted in Fig. 5.4. It has already been demonstrated that a maximum flow rate of 10 mL/h 
could be assumed for reliable in-line quantification of microfluidic systems using water 
and acetone as mixing fluids. Below this flow rate limit a residence time of 3T1 is 
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 promised for the longitudinal polarization build-up of water and acetone 1H spins in the 
applied B0 field. This assumption is experimentally confirmed by the data in Fig. 5.4 
where the determination of the acetone concentration did not depend on the flow rate 
when the mixing processes were operated with flow rates lower than 10 mL/h. If higher 
flow rates were used, there was not enough time for water and acetone 1H spins in the 
microfluidic systems to build up their longitudinal magnetization at the applied magnetic 
field, leading to smaller NMR signals, especially for acetone fluid because acetone has a 
slightly longer T1. This could result in smaller acetone concentrations determined from 1H 
NMR spectra at higher flow rates, which is confirmed by the experimental data in Figs. 
5.4a, b and c using 1/3, 1/2 and 1/1 premixed solutions.  
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Fig. 5.4 Flow rate influence on the determination of acetone HSF concentrations at the 
output of an interdigital mixer using premixed water/acetone solutions with mixing ratios 
of (a) 1/3, (b) 1/2, (c) 1/1, (d) 3/1, and (e) 5/1. 
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 When the acetone concentration is at the LOQ (Fig. 5.4d) or beyond the LOQ (Fig. 
5.4e), no considerable flow rate influence on the determination of the acetone 
concentration can be observed. It has already been demonstrated that the small SNR of 
NMR signals from one mixing fluid could induce large distortions in determining the 
acetone concentrations. In the quantification analysis of the mixing processes at or beyond 
the LOD at different flow rates based on the 1H NMR spectra, these distortions could be 
even larger than the flow rate influence, leading to no measurable difference in the 
determined acetone concentrations at high and low flow rates which is shown in Figs. 5.4d 
and e. If an uncertainty about 10% is acceptable in the determination of the acetone 
concentration, the maximum flow rate limit could be expanded from 10 mL/h to 16 mL/h 
based on the results in Figs. 5.4a, b and c where a time about 2T1 was promised for water 
and acetone 1H spins to build up the longitudinal magnetization in the applied B0 field 
before the NMR measurements. If NMR measurements have to be operated in mixing 
processes at even higher flow rates, a longer path is needed where the fluids are exposed 
to the applied B0 field to build up the longitudinal magnetization before the NMR 
measurements. This can be easily realized by winding the PEEK tubing inside the low-
field NMR magnet before the RF coil. Moreover, at extremely high flow rates (>200 
mL/h) the inherent flow in a micromixer can have influence on the quantification analysis 
of the mixing processes because the excited nuclear spins could flow out of the sensitive 
detection volume during the acquisition period. 
 These investigations at the output of the interdigital micromixer using the premixed 
water/acetone solutions indicate feasible applications of low-field NMR to the 
micromixer. In the subsequent experiments, water and acetone were pumped 
independently by two syringe pumps into the micromixer to investigate the mixing 
performance of the micromixer. On the basis of the LOD obtained from the investigations 
using premixed water/acetone solutions, the water/acetone feeding ratio in the mixing 
processes was varied from 1/5 to 5/1. The correlations between the feeding ratio and the 
assumed acetone concentration are summarized in Table. 5.1. In-line quantification 
analysis of the mixing processes was performed at the output of the micromixer. Single-
scan 1H NMR spectra (Fig. 5.5) were measured with different water/acetone feeding ratios 
at flow rates not higher than 6 mL/h. The chemical shift difference of 
between water and acetone is well resolved in the spectra. By 
comparing the acetone signal to the water signal in the NMR spectra, acetone HSF 
concentrations could be obtained. From the 1H NMR spectrum in Fig. 5.5d measured with 
2 3 6
 H O C H Oδ - δ = 2.7 ppm
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 a water/acetone feeding ratio of 1/1 at flow rate of  2 mL/h, an acetone HSF concentration 
of 0.43 could be obtained which is in good agreement with the assumed acetone HSF 
value of 0.42, further illustrating feasible applications of 1H low-field NMR spectroscopy 
for a reliable quantification of mixing processes in a micromixer.  
 
Table 5.1 Assumed acetone concentrations in the mixed system calculated from the 
feeding ratios of water / acetone. 
 
Feeding ratio of water/acetone 1/5 1/3 1/2 1/1 3/1 5/1 
Acetone volume fraction 0.83 0.75 0.67 0.50 0.25 0.17 
Acetone mole fraction 0.55 0.42 0.33 0.20 0.08 0.05 
Acetone HSF 0.79 0.69 0.60 0.42 0.20 0.13 
 
 The LOD and LOQ of the low-field NMR setup with the interdigital micromixer 
were further investigated by changing the feeding ratio of water and acetone fluids in the 
mixing processes. The spectrum from the mixing process with a feeding ratio of 1/5 in 
Fig. 5.5a shows a small water signal with a very low SNR, indicating that the water 
concentration in this mixing process is the LOD of this NMR setup which is in good 
agreement with the LOD investigations using premixed water/acetone solutions. The 
acetone HSF concentration was determined to be 0.72, corresponding to an actual mixing 
ratio of 1/3.50. The uncertainty in determining the acetone HSF concentration in this 
experiment is about 10%. Given a tolerable uncertainty of 10%, these water and acetone 
concentrations are the LOQ of this low-field NMR setup. The other LOD could be 
observed in Fig. 5.5f where acetone produces a small signal with a very low SNR in the 
spectrum which was measured with a water/acetone feeding ratio of 5/1 at flow rate of 6 
mL/h. An acetone HSF value of 0.20 could be determined by comparing the acetone 
signal to the water signal in the spectrum, corresponding to an actual mixing ratio of 
2.94/1. This observation shows an uncertainty about 30% in determining the acetone 
concentration, indicating that the acetone concentration in the mixing process with a 
feeding ratio of 5/1 is already beyond the LOQ. 
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Fig. 5.5 Single-scan 1H NMR spectra detected in a PEEK capillary (i.d. 1 mm) at the 
output of an interdigital mixer with water/acetone feeding ratios of (a) 1/5 at flow rates of 
6 mL/h, (b) 1/3 at flow rates of 4 mL/h, (c) 1/2 at flow rates of 3 mL/h, (d) 1/1 at flow 
rates of 2 mL/h, (e) 3/1 at flow rates of 4 mL/h, and (f) 5/1 at flow rates of 6 mL/h. 
 
 In order to investigate the other LOQ of the low-field NMR setup with the 
interdigital micromixer, mixing processes with water/acetone feeding ratios of 3/1, 1/2 
and 1/3 were studied. From the spectrum in Fig. 5.5e measured with a feeding ratio of 3/1 
at 4 mL/h, an acetone HSF of 0.23 could be determined which corresponds to an actual 
mixing ratio of 2.46/1. The uncertainty in the determination of the acetone concentration 
in this mixing process is about 12%. Given an acceptable uncertainty about 10% in 
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 determining the acetone concentration in the mixing processes, the acetone concentration 
in this mixing process is the LOQ of the NMR setup. In order to verify the determined 
LOQ, 1H NMR spectrum from the mixing process with a water/acetone feeding ratio of 
1/2 is presented in Fig. 5.5c, and the acetone HSF concentration was evaluated to be 0.57 
which corresponds to an actual mixing ratio of 1/1.81. After comparing the experimental 
result to the assumed acetone HSF value of 0.60, an experimental uncertainty about 5% 
could be observed. Compared to the good agreement between the evaluated and assumed 
acetone concentrations in the mixing process with a water/acetone feeding ratio of 1/1, the 
slightly increased deviation in the quantification of the mixing process with a feeding ratio 
of 1/2 could be mainly induced by the uneven fluid feeding into the microfluidic system 
by syringe pumps where one mixing component possesses higher pressure than its 
counterpart due to the flow rate difference. Quantification analysis of the mixing process 
with a feeding ratio of 1/3 was also performed. The acetone HSF concentration was 
determined to be 0.65, corresponding to an actual mixing ratio of 1/2.53. The 
experimental uncertainty in determining the acetone concentration is about 6%, indicating 
that the acetone concentration in this mixing process is below the LOQ. 
 The spectroscopic investigations of the mixing processes in the interdigital 
micromixer indicate the LOD and LOQ of the low-field NMR setup which are in good 
agreement with those determined from premixed solutions. On the basis of these 
investigations, it can be concluded that miscible systems in a micromixer with HSF 
concentrations in the range of 0.15-0.85 can be characterized by 1H low-NMR 
spectroscopy, and the systems with HSF values in the range of 0.20-0.80 can be quantified 
by this low-field NMR setup with uncertainties smaller than 10%. A comparison between 
the assumed and the actually determined acetone HSF concentrations is shown in Fig. 5.6. 
The concentration data are plotted as a function of the acetone volume fractions which are 
calculated from the preset feeding ratio. It could be observed that the deviations of the 
experimental results from the assumed acetone concentrations are small when the acetone 
volume fraction of the mixed fluids at the output of the mixer is in the range of 0.25-0.75, 
corresponding to the acetone HSF concentrations in the range of 0.20-0.70. This suggests 
that the interdigital micromixer is recommended to operate with feeding ratios from 3/1 to 
1/3. Beyond this recommended feeding ratio range, i.e., with a feeding ratio of 5/1 or 1/5, 
large experimental deviations in the concentration determination could be observed due to 
the small SNR of one fluid signal in the NMR spectrum and the uneven feeding rates 
between the two fluids mixed in the mixer using syringe pumps. 
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Fig. 5.6 Assumed and experimental acetone HSF concentrations versus the acetone 
volume fraction calculated from the preset feeding ratios between water and acetone in the 
mixer.  
 
 In addition to the information about the recommended feeding ratio of water and 
acetone, the flow rate influence on the determination of the acetone concentration at the 
output of the micromixer was also investigated. By scaling the acetone signal to the water 
signal in the NMR spectra, the acetone HSF concentrations in the mixing processes with 
the interdigital micromixer were determined, and the results are plotted in Fig. 5.7. It 
could be observed that the determination of the acetone concentration did not depend on 
the flow rate when the micromixer operates at flow rates lower than 10 mL/h due to the 
complete prepolarization of 1H spins in the applied magnetic field before the NMR 
measurements. This is in good agreement with the investigations using premixed 
water/acetone solutions in the micromixer. When the micromixer operates at flow rates 
higher than 10 mL/h, the uncertainty in determining the acetone concentrations becomes 
bigger but still below 10% in the mixing processes with feeding ratios of 1/3, 1/2 and 1/1 
presented in Figs. 5.7b, c and d. Moreover, similar to the observations in the mixing 
processes using 3/1 and 5/1 premixed solutions, there is no considerable and measurable 
flow rate influence on the determination of the acetone concentration in the mixing 
processes with feeding ratios of 1/5, 3/1 and 5/1 due to the large distortions induced by 
the small SNR of one fluid signal. The results in Fig. 5.7 further illustrate that the 
micromixer should operate with water/acetone feeding ratio in the range of 1/3 to 3/1 
where reliable in-line quantifications of the mixing processes at the output of the 
micromixer can be obtained at flow rates of 0-16 mL/h. 
 78
 0 2 4 6 8 10 12
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
0 2 4 6 8 10 12
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
2 4 6 8 10 12 14 16
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
0 5 10 15 20
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
0 2 4 6 8 10 12 14 16 18
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
0 2 4 6 8 10 12
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
a
c
e
to
n
e
fr
a
c
ti
o
n
flow rate (mL/h)
(a) (b)
(c) (d)
(e) (f)
 
Fig. 5.7 Flow rate influence on the determination of acetone HSF concentrations at the 
output of an interdigital mixer with water/acetone feeding ratios of (a) 1/5, (b) 1/3, (c) 1/2, 
(d) 1/1, (e) 3/1 and (f) 5/1. 
5.3.2 Immiscible system studied by NMR imaging 
Water/chloroform as an example of an immiscible system was investigated by low-field 
NMR. Due to the immiscibility between these two liquids, 1H low-field NMR 
spectroscopy is not any more the appropriate method to study the performance of a 
micromixer. NMR imaging as a robust method can be used for studying immiscible 
systems. NMR imaging can present information by means of concentration profiles, 
spatial imaging of the substrate distribution, velocity propagators, and flow imaging 
where there are both spatial and velocity information.  
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 In order to characterize the performance of the interdigital micromixer by NMR 
imaging, signal contrast should exist in the NMR image between the two fluids mixed in 
the micromixer. This signal contrast could be realized by different 1H spin number 
densities between the two mixed fluids and a frequency selective pulse excitation method 
to acquire signals from only one fluid. The latter method requires high spectral resolution 
of low-field NMR. In our water/chloroform mixing system, chloroform has a 1H spin 
number density nine times smaller than that of water which could already provide strong 
intensity contrast in the NMR image. On the basis of the similar T1 times between the 
water and chloroform, there is no T1 effect on the NMR image under slow flow 
conditions. 
 1D profiles of the water/chloroform system in a 1 mm capillary at the output of the 
mixer along the main flow direction with a feeding ratio of 1/1 were measured in single 
scans with the spin echo imaging method. Some representative concentration profiles at 
flow rates of 2 mL/h are plotted in Fig. 5.8. The strong intensity contrast between water 
and chloroform is truly favouring the characterization of this mixing process by NMR 
imaging. In order to make sure that the signal with lower intensity in the 1D profile 
belongs to the chloroform in the mixing system, 1H NMR spectroscopy of the 
water/chloroform mixing process was performed. A representative spectrum is shown in 
Fig. 5.9 where the chemical shifts of the water and chloroform signals are well resolved. 
The sharp edge between the water and chloroform signals in the concentration profiles 
indicates a small transition regime (<0.5 mm) where dispersion of these two liquids in 
each other could happen. Moreover, it could also be observed in the 1D profiles that the 
lengths of the water and chloroform pulgs in the plug flow at the output of the micromixer 
varied strongly even with the same mixing conditions (feeding ratio and flow rate). This 
large variation in the plug length could indicate instable performance of the interdigital 
micromixer.   
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Fig. 5.8 1D profiles in the 1 mm PEEK capillary at the output 20 cm away from the 
micromixer at flow rates of 1 mL/h water + 1 mL/h chloroform. The variation of the plug 
lentghs reveals instablization in the mixing process. 
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Fig. 5.9 Single-scan 1H NMR spectrum detected at the output of an interdigital mixer at 
flow rates of 1 mL/h water + 1 mL/h chloroform.  
 
 In order to investigate how the plug flow from the micromixer was influenced by 
various mixing conditions, like the flow rates, the feeding ratio and even the distance from 
the mixing chamber, 1D profiles were measured in single scans in the 1 mm PEEK 
capillary at the output of the mixer, and the plug size was calculated from the profile to 
determine the micromixer performance. On the basis of the NMR investigations of 
miscible systems in the micromixer, a time about 3T1 is required for the prepolarization of 
1H spins of the fluids mixed in the micromixer. As a result, the flow rate limit can be 
assumed to be 15 mL/h for quantifications of mixing processes using water and 
chloroform fluids with the low-field NMR setup. In the subsequent NMR investigations of 
the immiscible water/chloroform system the flow rate in the micromixer was set in the 
range of 0-15 mL/h. The mixing process with a 1/1 water/chloroform feeding ratio was 
first investigated at the output 20 cm away from the mixer via changing the flow rates. At 
each flow rate 75 experiments were performed to obtain the average plug lengths of the 
water and chloroform signals in the plug flow. The distribution of the plug length is 
shown in Fig. 5.10 which was measured at the output of the mixer at flow rates of 2 mL/h 
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in the water/chloroform mixing system. The length of the water plug could be determined 
to be 1.30 ± 0.45 mm and the chloroform plug to be 1.20 ± 0.50 mm. Furthermore, there is 
about 41% possibility in the investigated experiments to have the plug flow with plug size 
larger than the 4 mm NMR sensitive length in the flow direction.  
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Fig. 5.10 Plug lengths of (a) water and (b) chloroform in the plug flow at the output 20 cm 
away from the interdigital micromixer at flow rates of 1 mL/h water + 1 mL/h chloroform. 
The solid lines indicate the mean average plug lengths. 
 
 If the flow rate in the mixing system increases, the plug size would decrease due to 
the increment of shear rate. This is experimentally confirmed by the data in Fig. 5.11 
where flow rates of 10 mL/h were applied. The water plug length was determined to be 
1.15 ± 0.35 mm and the chloroform plug size in the flow direction was 1.05 ± 0.10 mm. 
Under this mixing condition the chance to have the plug size larger than 4 mm is about 
23% in all 75 experiments. This reduced possibility in detecting large plugs (> 4 mm) in 
the plug flow also indicates a better mixing performance at 10 mL/h than that at 2 mL/h in 
the mixer. These results confirm the applicability of low-field NMR in characterizing the 
performance of a micromixer using immiscible fluids. 
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Fig. 5.11 Plug lengths of (a) water and (b) chloroform in the plug flow at the output 20 cm 
away from the interdigital micromixer at flow rates of 5 mL/h water + 5 mL/h chloroform. 
The solid lines indicate the mean average plug lengths. 
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  In order to investigate in detail the flow rate influence on the plug size of the plug 
flow at the output of the mixer, the average length of water and chloroform plugs as a 
function of flow rates are plotted in Fig. 5.12. There is a small decrease of the plug length 
induced by increasing fluid shearing in the mixing process when the flow rate increases. 
Moreover, the sizes of the water plugs and the chloroform plugs are similar in the plug 
flow at the output of the mixer, indicating an even mixing between water and chloroform 
in the interdigital mixer. On the basis of these experiments, it can be concluded that a 
better mixing of the water/chloroform system can be achieved at flow rates higher than 5 
mL/h where smaller plug sizes and thus more interfaces are generated. 
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Fig. 5.12 Plug lengths of (■) water and (●) chloroform in the plug flow at the output 20 
cm away from the interdigital micromixer at different flow rates.  
 
 In addition to the role of flow rates, the feeding procedure was also investigated. 60 
individual experiments were performed at the same mixing condition to obtain systematic 
information about the plug sizes of the water and chloroform signals at the output of the 
mixer. In the 2/1 water/chloroform mixing system at flow rates of 3 mL/h the length of the 
water plug could be observed in the range of 0.5-3.5 mm with large fluctuations (Fig. 
5.13a) which could be attributed to the uneven flow rates between the water and 
chloroform fluids in the mixer. The chloroform plug length is mainly around 0.65 mm due 
to lower feeding rates and thus less feed in the mixing process. In all experiments the 
chance to a plug length longer than 4 mm is higher than 65%. Compared to the 20-40% 
possibility of having long plugs in the plug flow at the output of the mixer with the 1/1 
feeding ratio, this high probability in observing long plugs further illustrates the uneven 
mixing between the water and chloroform fluids in the micromixer. 
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Fig. 5.13 Plug lengths of (a) water and (b) chloroform in the plug flow at the output 20 cm 
away from the interdigital micromixer at flow rates of 2 mL/h water + 1 mL/h chloroform.  
 
 When the flow rates were increased to 6 mL/h in the 2/1 water/chloroform mixing 
system, similar uneven mixing between the water and chloroform fluids could be observed 
by NMR imaging. The water plug in the outflow from the mixer (Fig. 5.14) has size 
mainly in the range of 0.7-1.7 mm and 2.3-3.3 mm, while for chloroform plug the length 
is mainly around 0.75 mm. In these experiments there are 59% experiments presenting 
water or chloroform plugs longer than 4 mm. Compared to the 65% probability of having 
big plugs at 3mL/h, this observation further indicates that higher the flow rate, smaller the 
plug size in the plug flow. This kind of uneven mixing would be useful for a reaction or 
extraction where a bigger amount of one fluid is required.  
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Fig. 5.14 Plug lengths of (a) water and (b) chloroform in the plug flow at the output 20 cm 
away from the interdigital micromixer at flow rates of 4 mL/h water + 2 mL/h chloroform. 
 
 Due to the immiscibility between water and chloroform, the water and chloroform 
molecules in the outflow will slowly start to diffuse back to equilibrium. In order to 
characterize this behaviour, NMR imaging experiments were also performed at the output 
70 cm away from the mixing chamber where the plug size might be larger than that 
detected at the output 20 cm away due to the self-diffusions in the system. An even 
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 feeding of the water and chloroform was applied to study the plug size at the output of the 
mixer. At flow rates of 2 mL/h (Fig. 5.15) the water plug length is determined to be 1.65 ± 
0.40 mm and the chloroform plug length is 1.77 ± 0.05 mm. These determined plug sizes 
are bigger than those detected at the output 20 cm away from the mixer under the same 
mixing conditions, proving that the molecules start to diffuse back to the thermal 
equilibrium state. When the flow rates are increased to 10 mL/h (Fig. 5.16), the length of 
the water plug was calculated to be 1.40 ± 0.50 mm and for chloroform it was 1.55 ± 0.20 
mm. Comparing the plug size in the outflow at 10 mL/h to that at 2 mL/h, the decrease in 
the plug size is caused by the high shear rate at high flow rates.  
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Fig. 5.15 Plug lengths of (a) water and (b) chloroform in the plug flow at the output 70 cm 
away from the interdigital micromixer at flow rates of 1 mL/h water + 1 mL/h chloroform. 
The solid lines indicate the mean average plug lengths. 
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Fig. 5.16 Plug lengths of (a) water and (b) chloroform in the flow direction determined 
from 1D profiles in the 1 mm PEEK capillary at the output 70 cm away from the 
interdigital micromixer at flow rates of 5 mL/h water + 5 mL/h chloroform. 
 
  The flow rate influence on the determination of the plug size in the outflow 70 cm 
away from the mixer was investigated, and the results are plotted in Fig. 5.17. Similar to 
the results detected at the output 20 cm away from the mixer, a small decrease of the plug 
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size could be observed in the outflow 70 cm away from the mixing chamber when the 
flow rate increases. This is mainly caused by the high shear rate at fast flows. The 
detected results at the output 70 cm away from the mixing chamber also suggest a better 
performance of the interdigital micromixer at flow rates higher than 5 mL/h. On the basis 
of the even feeding between the water and chloroform fluids, the plug sizes of the water 
and chloroform at the output of the mixer are in the same range around 1.5 mm. A 
comparison of the plug size detected at the output 20 cm away and 70 cm away is shown 
in Fig. 5.18 where water and chloroform plug lengths as a function of flow rates are 
present. In the outflow 70 cm away from the mixing chamber both the water and 
chloroform plugs are longer than those detected at the output 20 cm away from the mixing 
chamber, indicating the tendency that the mixed water and chloroform molecules diffuse 
back to the thermal equilibrium state in the outflow from the mixer. 
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Fig. 5.17 Plug lengths of (■) water and (●) chloroform in the plug flow at the output 70 
cm away from the output of the interdigital micromixer at different flow rates. 
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Fig. 5.18 Plug lengths of (a) water and (b) chloroform determined from 1D profiles in the 
1 mm PEEK capillary at the output (■) 20 cm and (●) 70 cm away from the interdigital 
micromixer at different flow rates. 
 
 The low-field NMR imaging has presented its applicability in terms of 1D profiles in 
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 characterizing the performance of the interdigital micromixer using the spin echo imaging 
method. 2D images have not been measured due to the requirements for the extremely 
strong gradients in the directions perpendicular to the main flow direction where the field-
of-view (FOV) is limited by the diameter (1 mm) of the PEEK capillary at the output of 
the mixer. Further technical improvements dealing with the B0 field stability and higher 
gradient strength are under development. All of the 1D NMR imaging results were 
recorded in single scans where the SNR was not really high. The standard method to 
improve the SNR is increasing the number of scans in the experiments to accumulate 
many signals together. This method is not suitable for the on-line NMR analysis of a fast-
changing mixing or reaction process due to the long repetition time which is needed to 
build up all magnetizations along B0 or have fresh analytes in the NMR sensitive-volume. 
With this conventional signal accumulation method, it might be problematic to reveal the 
real-time information in the fast-changing systems because the added signals could only 
present average results. One potential method to increase the SNR in a single-shot NMR 
imaging experiment could be the application of the RARE sequence where a train of 
echoes would be acquired in a single scan and all these echo signals could be summed up 
to increase the SNR. The time this RARE sequence needs for one experiment equals the 
echo time times the number of echoes. If an echo time of 5 ms, the same as that in the spin 
echo imaging experiment was used, and 64 echoes were recorded, one RARE experiment 
would only take 320 ms. In contrast to this fast experiment, the spin echo imaging 
experiment would take about 300 s to achieve a similar SNR. But when applying the 
RARE sequence, there is a loss of the signal intensity due to T2-decay. In order to obtain 
reliable information, the acquisition in this RARE sequence was suggested to be 
performed in a time shorter than one third of T2 of the system.  
 In the water/chloroform mixing system with a 1/1 feeding ratio at 2 mL/h, a RARE 
experiment with an echo time of 4.5 ms and 64 echoes was operated. Due to the slow 
flows in the micromixer, a direct sum up of the echo signals was conducted, and a 1D 
profile (Fig. 5.19) with a high SNR was obtained by Fourier transformation. If the mixing 
process was performed at high flow rates where the excited spins could move coherently 
further than the resolution of the NMR image, the coherent movements of the 1H spins in 
the outflow should be taken into account in the echo accumulation.  
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Fig. 5.19 1D profile from the accumulated echo signals in a RARE experiment in the 1/1 
water/chloroform mixing process at flow rates of 2 mL/h. 
 
 On the other hand, the observations of these movements suggests the possibility 
using the RARE sequence to indirectly monitor the flow at the output of the micromixer. 
In the water/chloroform mixing system at flow rates of 6 mL/h with a feeding ratio of 1/1 
one NMR image was acquired using the RARE method. Figure 5.20 shows 1D profiles in 
the flow direction at different echoes. Interestingly the movement of the 1D profile could 
be clearly observed, and an actual flow rate of 2.12 mm/s could be evaluated from the data 
which corresponds to an actual flow rate of 5.99 mL/h in the flow system. This good 
agreement of the determined and assumed flow rates further indicates the power of the 
RARE method. The signal intensity in these 1D profiles decreases due to T2-decay. 
Besides, the velocity distribution inside the plug flow also affects the signal distribution in 
the 1D profile. It could be observed in the profiles from the first echo to the 30th echo in 
Fig. 5.20 that the signals in the water plug in one profile have the same amplitude along 
the flow direction. From the 31st echo in the RARE experiment the observed signal 
intensity in the front part of the water plug becomes lower than that in the latter part of the 
water plug. This phenomenon is induced by the velocity distributions inside the plug flow 
at the output of the micromixer.   
 88
  
Fig. 5.20 1D profiles along the Z direction (main flow direction) in a RARE experiment 
with an echo time of 4.5 ms in the 1/1 water/chloroform mixing process at flow rates of 6 
mL/h. The high signal belongs to the water plugs and the low signal to the chloroform 
plugs. 
 
 In the following NMR imaging experiments, the flow rate influence on the 
characterization of the mixing performance using the RARE sequence in the 
water/chloroform mixing process was investigated. Figure 5.21 shows the 1D profiles 
along the flow direction with an echo time of 4.5 ms acquired from the water/chloroform 
mixing system at flow rates of 18 mL/h using a 1/1 feeding ratio. A substantial decrease 
of the signal intensity could be observed from the 5th echo. Because there is a laminar 
flow pattern in the outflow of the mixer, the fluids in the middle possess higher velocities 
than those along the capillary wall. Therefore, the excited spins with higher velocities 
would flow further away form their original positions or even flow out the NMR coil, 
while the spins with lower velocities along the capillary wall could only move slightly 
away from their original positions. This flow pattern could lead to a strong decrease of the 
signal intensity in the front part of the water plugs and an expansion of the plug size. 
These assumptions were experimentally confirmed by the data acquired using the RARE 
sequence in Fig. 5.21. From the 5th echo the signals in the front part of the water plugs 
show much smaller amplitudes than those in the latter part, and from the 16th echo there is 
barely detectable signal in the front part of the water flow.  
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Fig. 5.21 1D profiles along the Z direction (main flow direction) in a RARE experiment 
with an echo of 4.5 ms in the 1/1 water/chloroform mixing process at flow rates of 18 
mL/h. The high signal belongs to the water plugs and the low signal to the chloroform 
plugs. 
 
 With the RARE imaging method a direct visualization of the mixing performance in 
the water/chloroform mixing process in real-time is possible. The plug size in the plug 
flow at the output of the micromixer, the flow motion and the flow rate influence could all 
be investigated.  
5.4 Conclusions 
The mixing performance in an interdigital micromixer is characterized by mobile NMR 
spectroscopy and imaging. On the basis of NMR spectroscopic investigations of the 
miscible water/acetone systems, the interdigital micromixer is suggested to operate with 
feeding ratios in the range of 1/3-3/1 to assure a good mixing performance. The flow rate 
influence has also been investigated. The results show that the NMR investigations of a 
micromixer are better to be conducted after a preparation time about 3T1 of the fluids 
mixed in the micromixer for the polarization build-up in the applied B0 field. If an 
uncertainty about 10% is acceptable, a preparation time about 2T1 is needed before the 
quantifications of the mixing processes by NMR.  
 In the immiscible water/chloroform systems the feeding procedure was investigated. 
At the 1/1 water/chloroform feeding ratio the water and chloroform plugs have similar 
size in the plug flow at the output of the micromixer. When a 2/1 water/chloroform 
feeding ratio was applied in the micromixer, there was highly uneven mixing between the 
two fluids. The flow rate influence on the plug size of the plug flow was studied. At 
higher flow rates the plug size becomes smaller due to the higher shear rate in the mixing 
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 system. The results show that the micromixer is better to operate at flow rates higher than 
5 mL/h to have better mixing performances. On the basis of the portability of the low-field 
NMR device, the mixing performance at different distances from the output of the 
micromixer was characterized. Bigger plug size could be observed in the plug flow at the 
output further away from the mixing chamber, indicating that the molecules in the mixed 
fluids start to diffuse back to the thermal equalibrium state. 
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 6   Summary and outlook 
Nuclear Magnetic Resonance (NMR) was chosen as the main tool for on-line and in-situ 
investigating different chemical processes described in this work. NMR is powerful in 
providing details about molecular structures and mass transport properties by which the 
fundamental properties of these chemical systems can be understood. NMR is also a 
unique and outstanding method for monitoring chemical systems in real-time.  
 The investigations of the biphasic IL/CO2 systems by detecting the self-diffusion 
coefficients and the spin-lattice relaxation times were presented in chapter 2. The 
improvements of the mass transport properties in the IL phase by increasing the CO2 
pressure are quantified by means of self-diffusion coefficients and spin-lattice relaxation 
times. The dissolved H2 gas has been demonstrated to affect the physical properties of the 
biphasic [EMIM][Tf2N]/CO2 and [EMIM][BF4]/CO2 systems.  
 On the basis of the physicochemical properties of the investigated ionic liquids, 
[BMPy][Tf2N] was chosen as a hydrogenation reaction medium in the supported ionic-
liquid phase (SILP) catalysts. Para-hydrogen induced polarization (PHIP) combined with 
NMR spectroscopy and NMR imaging was successfully applied to monitor the propene 
hydrogenation with SILP catalysts in situ in chapter 3. The PHIP technique can strongly 
enhance the signals of the hydrogenation products, favouring the NMR detection at low 
reaction activities. PHIP NMR spectroscopy reveals not only reaction details about 
changes of the catalyst activity, but more importantly also the relocation of the metal 
complex in the supported IL layer during the reaction by monitoring the chemical reaction 
in real-time. The catalyst packing and its impact on the reaction activity have been 
investigated. A long catalyst bed and multi-layer packing can produce higher propene 
conversion. The experimental findings constitute a step forward in the knowledge-based 
design of SILP catalyst for further industrial applications. 
 PHIP NMR has shown its great potential in monitoring chemical reactions. Besides, the 
PHIP technique has also been successfully applied to simultaneously improve the 
sensitivity and the spectral resolution of low-field NMR in chapter 4. Significantly 
prolonged T2 due to the long-lived coherent states with nearly pure singlet-state was 
directly measured after para-hydrogenation in the mT regime. 1H chemical-shift resolved 
spectra of styrene with a spectral resolution of 1 ppm have been observed in single-scan 
experiments at 3.9 and 0.98 mT. The PHIP technique opens up a great potential for 
chemical analysis by low-field NMR for a class of substrates which can be para-
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hydrogenated. Non-hydrogenative para-hydrogenation induced polarization (NH-PHIP) 
has also been applied to improve the sensitivity of low-field NMR spectroscopy. A trace 
amount of pyridine (~ 1 nL or ~ 10 nmol) in a 0.4 mL NMR sample (a concentration of ~ 
31 μM) was measured in a single scan by the NH-PHIP method. The NH-PHIP technique 
opens up a hitherto unknown potential for trace analysis in chemical and biological 
science for molecules which contain nitrogen, oxygen and/or sulphur atoms in the 
aromatic ring by low-field NMR. 
 On the basis of the accessibility of high resolution NMR spectroscopy and NMR 
imaging at low field, investigations of the performance of an interdigital micromixer by 
Halbach-magnet based low-field NMR has been indicated in chapter 5. Feeding ratios in 
the range of 1/3 to 3/1 are recommended for this micromixer to assure stable and good 
mixing. Flow rates higher than 5 mL/h are also suggested for the mixing process. These 
fundamental in-situ investigations of a microfluidic device enable one to obtain a good 
control of a chemical process. Further applications of this pocket NMR device like on-line 
monitoring of a continuous chemical reaction in a microfluidic device will be possible.  
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